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PREFACE 
In this dissertation, theoretical study of C1 chemistry for catalytic materials is a major 
theme. The C1 compound is a compound having 1 carbon atom such as carbon monoxide, 
carbon dioxide, methane and so on, and it is difficult to convert it to other carbon compound 
due to its stable structure. Therefore, the conversion reaction of the C1 compound using the 
catalyst material is studied. Catalysts that promote chemical reactions are widely used. The 
catalytic reaction is a reaction that begins with the adsorption of atomic molecules on the cat-
alyst surface. After adsorption, a reaction to break the bond of molecules occurs. Therefore, 
knowing how atoms and molecules adsorb on the catalyst surface is important to understand 
the mechanism of catalytic reaction. In recent years, due to the dramatic progress of experi-
mental technology, the research targets are extended beyond the microscale to the atomic mo-
lecular level. However, it is difficult to experimentally observe chemical reactions in micro-
scopic substances. Due to the development of theoretical calculations, known and unknown 
phenomena are reproduced at the atomic molecular level and are they are used to theoretical-
ly understand chemical reaction and material properties. In this study, we conducted a theo-
retical study on CO oxidation reaction in automotive catalytic materials, CO oxidation reac-
tion in linear-shape gold molecules, and CH4 adsorption and C-H bond dissociation activity 
on catalytic material surface. The contents of each research are as follows. 
First, Environmental problems due to harmful components such as carbon monoxide (CO), 
hydrocarbon (HC), nitric oxide (NOX) contained in the automotive exhaust gas and negative 
influences on human body have attracted attention. In this study, CO oxidation reaction in 
automobile catalyst material was studied theoretically using computational simulation. Pre-
dicting the structure and characteristics of materials by simulation and reducing the number 
of experiments by selecting the minimum experiments makes it possible to contribute to cost 
reduction and speeding up of research and development. In this study, CO oxidation reaction 
by Pd catalyst dispersed on ZrO2 and CeO2 was investigated by computer simulation. Specif-
ically, the behavior of the catalyst material surface under high temperature environment is 
reproduced by incorporating the structural change of the oxide support by heat. 
  
Second, it has been reported that the nanoscale gold catalyst highly dispersed on the oxide 
support promotes CO oxidation reaction at low temperature. The key point of the CO oxida-
tion reaction on the nano-gold surface is the OC-OO intermediate structure which is the co-
adsorption of CO and O2. After CO2 is eliminated from the intermediate, the remaining oxy-
gen atom reacts with CO. In this study, we constructed linear-shape gold molecules (LGM) 
by computer simulation and discussed the influence of the number of gold atoms on OC-OO 
intermediate structure. Specifically, three kinds of charge states of LGM are prepared: anion 
(-1 valence), neutral (0 valence), cation (+1 valence), investigating the relationship between 
the charge per gold atom in LGM and the adsorbate due to the change in the number of gold 
atoms in LGM. 
Third, methane (CH4) is a major component of natural gas and is used to produce hydrogen 
(H) by steam reforming reaction. The C-H dissociation of CH4 is an important process. A 
cheap and resource-rich nickel (Ni) catalyst is regarded as one of the attractive catalysts. In 
the methane dissociation reaction, CH4 → CH3 + H is argued as the rate determining step, 
and we focus on this reaction. In recent years, the methane dissociation reaction on metal ad-
atom where one metal atom is adsorbed on the metal surface has attracted attention. On the 
ad-atom, methane shows relatively strong adsorption energy, and it is reported that the cleav-
age activation energy of C-H bond is lower than that of a flat surface. However, there is no 
report on the relationship between the adsorption energy of methane and the activation energy 
in the cleavage of C-H bond of CH4. In this study, we investigated the CH4 adsorption reac-
tion and C-H bond dissociation reaction on metal ad-atoms on the (111) surface of Ni, Pd, Pt, 
Cu, Ag, Au. 
Finally, we conclude these studies. 
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1 Introduction 
In recent year, a change is going to be brought by energy circumstances to support our so-
ciety by remarkable progress of the science technology. For example, the cars which con-
sume fuel made from oil resources are manufactured in the automobile industry. When the 
fuel is used in the engine of the car, toxic substances such as carbon monoxide, carbohy-
drates, nitrogen oxides, and so on occur. To prevent environmental pollution, the hazardous 
materials are made harmless with oxidation-reduction reaction by catalyst materials and re-
leased into the atmosphere. In very recent year, electric vehicle (EV) and fuel-cell vehicle 
(FCV) has been made practicable. Since these vehicles do not occur toxic materials, it is 
hoped to spread widely. However, these newest technologies are not replaced current tech-
nologies instantly because of its high cost and drain on resources. Therefore, current technol-
ogies have also been studied to solve the environmental issues and do life more comfortably.  
With the considerable development in experimental techniques recently, the subjects of 
study are expanded not only micro scale but also nano-scale including atomic level. But it is 
difficult to observe the chemical reaction experimentally in micro area. Recently, on the other 
hand, it has been able to evaluate the unknown and known chemical reaction in atomic level 
with the theoretical technique development. Moreover, computational improvement has 
brought the large scale theoretical calculation, and it has been used to understand the proper-
ties of chemical reaction and materials theoretically. 
From the above, in this thesis, we focus on the theoretical study in C1 compound on the 
catalyst material. C1 compound is one carbon compound such as carbon monoxide, carbon 
dioxide, methane, and so on. It is difficult to transform C1 compound into other carbon com-
pound because of its stability, and thus the transformation of C1 compound on catalyst mate-
rial has been studied. The ability of catalyst which accelerates the chemical reaction has been 
used widely. The products such as fuels and so on facilitated by catalysts are made our life 
convenient. Catalytic reaction is started with the adsorption of atoms and molecules on the 
surface of catalyst materials. Then, the reaction occurs on the surface to cleave the bond. The 
product is finally formed, and desorbed from the surface. Therefore, it is important to under-
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stand the mechanism of catalytic reaction and behaviors of adsorbates on catalyst surface, in 
particular the atomic scale which is difficult to observe experimentally.  
The outline of this thesis is as follows. In chapter 2, CO oxidation reaction on automotive 
catalysts is investigated. CO oxidation reaction is used as the chemical reaction of treatment 
of exhaust gas for automotive catalyst and plants. Platinum (Pt) is used for catalyst of CO ox-
idation reaction, but the alternative material is studied because Pt is expensive and the scarce 
resource. In this study, we investigated the CO oxidation reaction on the Palladium (Pd) cata-
lyst supported on Zirconia (ZrO2) and Ceria (CeO2) (Pd/ZrO2 and Pd/CeO2) by using Density 
Functional Theory (DFT) calculation. We model the surface molecule structures reproduced 
those materials, and examine the experimental data of CO oxidation on Pd/ZrO2 and 
Pd/CeO2. In chapter 3, CO oxidation reaction on nano-scale gold (Au) catalyst which is able 
to purify the CO molecule at low temperature is discussed. Since the current catalyst for CO 
oxidation cannot perform at low temperature, high temperature is necessary. In recent year, it 
is reported that nano-scale Au catalyst for CO oxidation reaction highly dispersed on oxide is 
able to react at low temperature. In this study, we use DFT method to investigate the mecha-
nism of the CO oxidation reaction on linear-shape gold molecules (LGM), and study the ef-
fect of increase of the number of Au atom in LGM. In chapter 4, methane (CH4) activation 
on the surface of the metal catalyst is investigated. CH4 is the main component of the natural 
gas, and it is used to product hydrogen by means of steam reforming reaction. This is the first 
step of the important chemical processes such as the synthesis of ammonia and methanol. The 
methane dissociation reaction in the cleavage of C-H bond is important process to transform 
the natural gas into hydrogen. In steam reforming reaction, nickel (Ni) is used as the catalyst 
due to its low cost. In this study, we discussed the methane adsorption and dissociation reac-
tion on various metal ad-atom surfaces such as Ni, Pd, Pt, cupper (Cu), silver (Ag), and Au. 
Finally, chapter 5 presents an overall conclusion. 
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2 Theoretical study of CO oxidation reaction for automotive cat-
alysts 
2.1 Introduction 
In recent years, automobile has been essential for us. Since the creation of the first gasoline 
car in 1870, automobile continues to progress rapidly. However, recently, environmental is-
sues such an air pollution by automobile has been focused, and for the automobile this is a 
big problem that cannot be ignored. Automotive exhaust gas contains hydrocarbon (HC), car-
bon monoxide (CO), and nitrogen oxide (NOX) that are environmental pollutant and toxic to 
humans. Therefore, automakers have to control the exhaust gas. NOx is one of the origins of 
the acid rain, and NOx and HC are air pollution matter becoming the origin of the photochem-
ical smog phenomenon.1,2 The main release source of the NOx is automotive
1-3, and that pos-
session number increases year by year. In addition, NOx and CO are the ingredients which are 
harmful to the human body. In particular, NO2 is the highly toxic substance, and gives an ob-
stacle at the pulmonary organization. NO is the ingredient which is harmful to the human 
body with the very small amount due to attacking central nerve.1,2.  
From the above, automotive exhaust gas regulation begins, and automotive companies de-
velop an automotive catalyst purifying the harmful ingredient of exhaust gas by an oxidation-
reduction reaction. In the United States in 1970, Muskie Act was suggested as automotive 
exhaust gas regulation to reduce quantity of the discharge of CO, HC, and NOx in about 1/10 
before the regulation. In Japan, the 1978 regulation that was equal to Muskie Act was intro-
duced. Automotive catalyst was equipped with in 1974, at first it was an oxidation catalyst 
which oxidizes HC and CO. In 1977, three-way catalyst which purified CO, HC, and NOx 
was put to practical use. Afterwards, three-way catalyst spread rapidly and enters the main 
stream of the automotive catalyst. In addition, it is wished that amount of emission of fine 
particles DEP (diesel exhaust particulates) from a diesel engine is reduced. For example, it is 
reported that 11.5% of Japanese lung cancer deads die by DEP pollution.4 Therefore, the im-
provement of the car catalyst is necessary after regulation. 
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As for the automotive catalyst, purification properties or thermostability are developed by 
the improvement of materials, and the effect is thereby obtained for purification of the ex-
haust gas.5,6 Because of that, the automotive catalyst plays a very important role for preven-
tion of environmental pollution and reduction of toxification to the human body. Nowadays, 
many studies are carried out to raise the performance of the automotive catalyst more. The 
automotive catalyst is comprised of a precious (noble) metal, a carrier, and a co-catalyst. As 
for the precious metal, platinum (Pt), palladium (Pt), and rhodium (Rh) are used mainly, and 
these function as a catalyst metal of the oxidation-reduction reactions for CO, HC, and NOx. 
As for the carrier, the materials which have high specific (ratio) surface area such as zirconia 
(ZrO2) and alumina (Al2O3) are used mainly. These carriers can hold a precious metal as few 
nanometer particles, and that makes catalytic activity with less quantity of precious metals. 
As automotive catalysts using these metals, it is reported that Pt catalyst supported on seria-
zirconia (CeO2-ZrO2) is high catalytic activity because of strong interaction between Pd and 
carrier.7 This catalyst is put to practical use from August, 2008. It is also reported that Pd cat-
alysts supported on seria (CeO2) is one of the effective catalyst materials.
8 However, both Pt 
and CeO2 are rare metal species, and therefore cost is very high. Moreover, under develop-
ment, much catalyst materials are necessary for durability test that evaluate the purification 
property of harmful component under a certain constant temperature. It takes for a long time 
at that examination time, so cost is tremendous.  
On the other hand, in recent years, a large-scale quantum chemistry calculation was ena-
bled by computer performance improvement. In a materials study, computational simulation 
is carried out at 100~1000 atom levels, and is used as a way to understand a chemical reac-
tion and materials characteristic.  Actually, it is reported from the theoretical examination that 
the single-crystal Pd and single-crystal Pt metal species are an effective catalyst in CO oxida-
tion reaction.9 It is also reported that Pt and Pd are effective catalysts in NO reduction reac-
tion.10 Au nanometer particle catalyst show more activity than Pt and Pd in terms of CO oxi-
dation reaction under low temperature,9,11 but in use environment that is not practical because 
the operating environment of the catalyst is 300˚C ~700˚C and 1,000˚C. If we can predict 
the structure and characteristic of materials by simulation, we can reduce the experiment 
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number of run by the choice of minimum experiment. That leads to contributing to the cost 
reduction and acceleration of research and development. For that reason, it is important to do 
computational simulation with low cost and efficiently.  
A Factor evaluating the performance of the catalysts includes activity, selectivity, and 
thermostability. In the conventional study, catalysts are evaluated with activity and selectivity 
mainly.  However, in theoretical examination, thermostability of catalysts is evaluated from 
an indirect factor such as adsorption energy, so predicted new catalyst does not always show 
the expected performance. Accordingly, we propose a direct evaluation method considering 
the carrier structural change by heat. 
In this study, we propose a search method of the alternative catalyst considering the carrier 
structural change by heat. We perform computer simulation about Pd/ZrO2 catalyst which is 
attracting attention as an alternative catalyst of Pd/CeO2. In computer simulation, we do the 
quantum chemical calculation about the catalysts using position coordinate of the unit cell, 
which is the periodic boundary model expressed as a catalyst. We calculate the adsorption 
energy of reactant atom or molecular towards the carrier surfaces of automotive catalyst by 
using density functional theory (DFT), and evaluate a reactive difference between each carri-
er. According to this method, we predict the adsorption site of Pd towards each carrier. In ad-
dition, we simulate CO oxidation reaction to search for the alternative catalyst of the oxida-
tion catalyst for diesel cars which are one of the automotive catalysts. Moreover, in order to 
consider the structural change by heat, we inflate the volume of calculation models in 0.02 
notches to 1.10 times by extending distance between metal - oxygen of the carrier. In the each 
expanded volume, we predict Pd adsorption site, and simulate CO oxidation reaction. We 
predict purification temperature of CO using CO, oxygen, and CO2 adsorption energies pro-
vided by in this study and compare it with the experimental value.  
2.2 Computational methods  
 Schrödinger equation for molecular system 2.2.1
According to the quantum chemistry, the information of all systems formed of an atom, 
molecules is provided from its wave function Ψ (r1, … , rN ; R1, … , RN ; t), which is a func-
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tion of electronic coordinates ri, atomic nucleus coordinates Ri and time t. The Schrodinger 
equation of the time dependence is expressed as follows 
𝐻Ψ = 𝑖
𝜕
𝜕𝑡
Ψ (2.1) 
where H is the Hamiltonian operator. In our study, the Schrodinger equation of the time de-
pendence is not necessary for the system that we handle. Hence, we study the catalyst sys-
tems using the time independence Schrodinger equation: 
𝐻Ψ = 𝐸Ψ (2.2) 
where Ψ = Ψ (r1, … , rN ; R1, … , RN ), E is the energy of the system. When the system is 
comprised of N atomic nuclei, it has the coordinate ingredient of the 3N. The Hamiltonian 
can be written as  
𝐻 = −
ħ2
2
∑
𝛻𝑅𝑖
2
𝑀𝑖
−
ħ2
2
∑
𝛻𝑟𝑖
2
𝑚𝑒
𝑖𝑖
−
1
4𝜋𝜖0
∑
𝑒2𝑍𝑖
|𝑅𝑖 − 𝑟𝑗|𝑖,𝑗
+
1
8𝜋𝜖0
∑
𝑒2
|𝑟𝑖 − 𝑟𝑗|𝑖≠𝑗
+
1
4𝜋𝜖0
∑
𝑒2𝑍𝑖𝑍𝑗
|𝑅𝑖 − 𝑅𝑗|𝑖≠𝑗
 
(2.3) 
where ħ = h/2π, h is planck constant, M is mass of atomic nuclei, me is mass of electron, die-
lectric constant of vacuum, e is electric charge, and Z is atomic charge. On the right hand 
side, the first term is the kinetic energy of atomic nuclei, the second term is the kinetic energy 
of electron, the third term is coulomb interaction between atomic nuclei and electron, the 
fourth term is coulomb interaction between electron i and j, and the last term is coulomb in-
teraction between atomic nuclei i and j. As the atomic nuclei are about 1,840 times heavier 
than the electrons, the Born-Oppenheimer approximation can be applied to decouple the mo-
tion of atomic nuclei and electrons. Therefore, the first term on the right side becomes 0, and 
the last term becomes constant. Moreover, the Hamiltonian in equation 3 is represented by  
𝐻 = 𝑇 + 𝑉𝑒𝑥𝑡 + 𝑉𝑖𝑛𝑡 (2.4) 
where T is the kinetic energy of electrons, Vext is the external potential, and Vint is the coulomb 
interaction between electrons. 
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 Kohn Sham equation 2.2.2
The problem to get quantity of physics that is the information of the system is to obtain the 
solution of equation (2.2) and (2.3). The wave function of the system of the N unit electron is 
function that depends on coordinate variable of 3N. If there are many electronic numbers, the 
calculation is impossible even with a super computer. However, in recent years, we are able 
to simplify the electronic problem with 3N variables into 1 with only 3 variables by the de-
velopment of the DFT, while giving results with desirable accuracy. It was shown by Hohen-
berg Kohn theorems in 1964 that a calculation of the physical quantity using the electron 
density was theoretically possible.  
For example, if the nucleus of molecules is decided in the external potential, the electro-
static potential that those nucleuses affect an electron is decided. Now it is assumed that only 
electron density ρ of the ground state of this system is known, according to the first Hohen-
berg-Kohn theorem, the ground state density determine the external potential which will fur-
ther determine the ground state wave function. In addition, it is able to find electronic number 
N by integrating the electron density in all space. Wave function Ψ under the external poten-
tial is provided when Schrodinger equation of hamiltonian H led from the external potential 
and electronic number is solved, so it is able to find every physical quantity from there. In 
other words, every physical quantity of the system is calculated from the ground state elec-
tron density. Moreover, according to the second Hohenberg-Kohn theorem, the ground state 
energy of electron density under external potential is the minimum value of the total energy 
functional, and electron density that minimizes energy functional is the ground state electron 
density n0: 
𝐸[𝑛0] ≤ 𝐸[𝑛] (2.5) 
Therefore, it is able to find electron density of the ground state if electron density that gives 
minimum energy value is search for by changing electron density. 
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 Hohenberg Kohn theory 2.2.3
In 1965, practical calculation approach based on the Hohenberg Kohn theorem was shown 
by Kohn and Sham, and application was enabled. That is called Kohn Sham equation. Kohn 
Sham equation is the Shredinger equation of the auxiliary system consisting of the non-
interacting particles located in an external potential, which generate electron density as same 
as already known system (actual system) consisting of interacting particles in an effective 
potential veff. According to Hohenberg Kohn theorem, the two systems have the same total 
energies. In an auxiliary system, total energy of the system is expressed as a functional of 
electron density as follows. 
𝐸[𝑛(𝑟)] = 𝑇𝑠[𝑛(𝑟)] + 𝑉𝐻[𝑛(𝑟)] + 𝐸𝑥𝑐[𝑛(𝑟)] + 𝑉𝑒𝑥𝑡[𝑛(𝑟)] (2.6) 
where Ts[n(r)] is the kinetic energy of a non-electron gas, VH[n(r)] is the Hartree energy 
(Coulomb energy),  Exc[n(r)] is exchange correlation energy, Vext[n(r)] is external potential 
(electron-atomic interaction) that operate as interacting system. In Kohn Sham equation, aux-
iliary system that is separately from actual system is expressed as follows: 
[−
ħ
2
2𝑚𝑒
𝛻2 + 𝑉𝑒𝑓𝑓(𝑟)] 𝜓𝑖(𝑟) = 𝜀𝑖𝜓𝑖(𝑟) (2.7) 
Veff which electron density of ground state of this auxiliary system agrees with electron densi-
ty of ground state of the actual system is derived. Electron density in N electronic system is 
provided as follows: 
𝑛(𝑟) = ∑|𝜓𝑖(𝑟)|
2
𝑁
𝑖
 (2.8) 
Veff(r) is defined as follows: 
𝑉𝑒𝑓𝑓 = 𝑉𝑒𝑥𝑡(𝑟) + 𝑒
2 ∫
𝑛(𝑟′)
|𝑟 − 𝑟′|
𝑑𝑟 +
𝛿𝐸𝑥𝑐[𝑛(𝑟)]
𝛿𝑛(𝑟)
 (2.9) 
equation (2.7) and (2.9) are Kohn Sham equation, and it is solved iterately with the resulting 
electron density and total energy given by equation (2.6) and (2.8).  
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 Exchange correlation functional 2.2.4
In equation (2.6), exchange correlation energy is introduced to incorporate the electron ex-
change and correlation. The exact form of exchange correlation functional is not known, so it 
is assumed following function form: 
𝐸𝑥𝑐[𝑛(𝑟)] = ∫ 𝜖𝑥𝑐(𝑛(𝑟))𝑛(𝑟)𝑑𝑟 (2.10) 
where n(r) is electron density. Kohn and Sham noticed that electrons in solids can be consid-
ered to be homogeneous electron gas. It means that the effects of exchange and correlation 
are local. This is called the local density approximation (LDA). In this assumption, electronic 
exchange correlation energy density εxc is decided locally at each point of the space, and εxc is 
a function only for electron density n(r) of that point. If LDA is proper, εxc is same value of 
the system that either is homogeneous electron gas or is actually calculated. Thus, it is justi-
fied to use εxc that is found about homogeneous electron gas system, and is able to use it for 
actual calculation. 
However, a chemical system usually consists of molecules, and it means electron density is 
not homogeneous. This situation was not able to consider until the development of general-
ized-gradient approximation (GGA). Some improved things including PW91,12 PBE,13 and 
RPBE14 are used for GGA well. 
 Experimental system 2.2.5
We perform DFT calculation to evaluate the reaction property between Pd and surface of 
ZrO2 or CeO2 carrier. We use Quantum ESPRESSO as DFT calculation package.
15 The 
processor, memory, and OS of the computer is Intel(R) Xeon(R) X5570 (2.93GHz), 24GB, 
Red Hat 4.1.2-46 respectively. We use Xcrysden version 1.5.2116 as image display. The 
Perdew-Wang (PW91) version of the GGA is used to incorporate exchange and correlation 
energies. The kinetic energy cutoff is 300Ry (about  408eV).  
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2.3 Catalysts reactions 
 Potential energy curve 2.3.1
When exhaust gas components are adsorbed towards the automotive catalyst surface, they 
are converted into harmless gas components after surface reactions. In order to evaluate that 
reaction, it is potential energy curve is used. It is necessary to solve Schrodinger equation of 
the many electrons system to draw this reaction potential curved surface. However, in fact, to 
solve that equation is very high cost because of tremendous calculation time.  
It is able to solve such a difficulty to a certain extent by experimental rule which is derived 
from Chemical kinetics. That is called “Horiuchi-polanyi rule” devised from potential energy 
curve by Horiuchi Toshiro and M.Polanyi. Fig. 2.1 shows how potential energy changes when 
a chemical reaction moves, and Fig. 2.2 simplifies Fig. 2.1 using initial state (A curve) and 
final state (B curve). When chemical property is similar, the potential energy curve is about 
the same, and it is thought that the difference appears by binding energy Δ(ΔH). In such a 
case, an equation between activation energy difference ΔEa and binding energy difference 
Δ(ΔH) of two final states is expressed as followed:  
∆𝐸𝑎 = 𝛼∆(∆𝐻) (0 < 𝛼 < 1) (2.11) 
 The activation energy of the reverse reaction varies from Eb that is measured the bottom of 
the B curve to Eb’ that is measured the bottom of the C curve.  
 
Fig. 2.1. Transition of potential energy. 
Activation energy 
Transition state 
Initial state 
Final state 
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𝐸𝑏′ +  ∆(∆𝐻)  =  Δ𝐸𝑎  +  𝐸𝑏 (2.12) 
the difference between Eb’ and Eb is as followed : 
∆𝐸𝑏 =  𝐸𝑏′ − 𝐸𝑏 =  𝛼 ∙ ∆(∆𝐻) − ∆(∆𝐻) =  −(1 − 𝛼) ∙ ∆(∆𝐻) (2.13) 
so, the activation energy of the reverse reaction (exothermic reaction) decreases. 
In dissociation and adsorption of H2, for example, initial state and final state are assumed 
H2(g) and 2H(a). (g) means gas and (a) means adsorbed. While adsorption heat ΔH varies ac-
cording to a catalytic metal, it is expected that activation energy of the adsorption and the ac-
tivation energy of the desorption change as mentioned above. If adsorption is rate-
determining, which means overall reaction rate is decided by adsorption, the reaction is fast 
as the big catalytic metal of adsorption heat, and on the contrary if desorption is rate-
determining the reaction is fast as a small catalytic metal of adsorption heat. From the above, 
if activation energy of adsorption and desorption are obtained, which means that adsorption 
binding energy Δ(ΔH) is obtained, it is equal to having got reaction potential energy curve. In 
other words, it is equal to arguing based on a potential energy curve to compare for adsorp-
tion binding energy. 
On CO oxidation reaction, it is necessary to combine CO and oxygen to transform into 
 
Fig. 2.2. Reaction potential. 
Final state 
Initial state 
12 
CO2. CO2 is eliminated by CO oxidation reaction of the equation (2.17) after adsorption of 
CO, O2, and dissociation of O2.  
In generally, on solid catalytic reaction, the potential energy curve in Fig. 2.1 is expressed as 
a curve that three process of adsorption, reaction, and desorption are overlapped like Fig. 2.3. 
If this three processes do not moves smoothly, the overall reaction stops. For example, iron is 
a rusted material because it combines easily with oxygen. However, in Fig. 2.3, equation 
(2.17) is hard to move due to strong adsorption between iron and oxygen. Therefore, we 
should find a catalytic metal that a reaction process in Fig. 2.3 moves smoothly, which means 
that CO is easy to adsorb and oxygen is adsorb not too strongly and not weakly. 
 
CO → CO(a) (2.14) 
O2 → O2(a) (2.15) 
O2(a) → 2O(a) (2.16) 
O(a) + CO(a) → CO2(g) (2.17) 
 
Fig. 2.3. Energy change with the reaction on the solid catalyst. 
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 Brønsted-Evans-Polanyi relation 2.3.2
In 1928, Brønsted, Evans, and Polanyi found that there exist linear correlations between 
activation energies and reaction energies of chemical reactions (adsorption, dissociation). The 
Brønsted-Evans-Polanyi (BEP) relation can be described by: 
𝐸𝑎 = 𝑎∆𝐸 + 𝑏 (2.18) 
Where Ea is the activation energy, ΔE is the reaction energy of the chemical reaction. The 
BEP relations hold for heterogeneous catalysis. If the transition state structure is close to the 
final state, the electronic structural change of the surface will influence the adsorption energy 
of the transition state, and in the same way it influences the final state. If a is close to 1, ΔE 
and Ea will move in the same way. In this study, ΔE is sum of the adsorption energy of CO, 
oxygen, and CO2.  
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2.4 Proposed method 
 Modeling of carrier 2.4.1
Fig. 2.4 shows the surface molecular structure of ZrO2 carrier. User configures the surface 
molecular structure of a unit cell. The adsorption sites of Pd that is able to adsorb to ZrO2 car-
rier exist Zr_atop, O_atop, Obridge2, and Obridge1 in Fig. 2.4. Zr_atop site is located at the 
top of Zr atom in the surface, O_atop is located at oxygen that obliquely up of Zr_atop, and 
Obridge2 and Obridge1 are located at the bridge of two oxygen of surface.8 It is same about 
CeO2 carrier. Furthermore, surface molecular structure depends on periodic boundary condi-
 
(a) ZrO2 
 
(b) CeO2 
Fig. 2.4. The surface molecular structures of (a) ZrO2 and (b) CeO2 model. Red and blue 
balls denote oxygen and cerium atom, respectively. Yellow circle represents the adsorp-
tion site of Pd atom. 
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tion in three-dimensional direction, but it is not necessary for considering z-axis direction to 
model the surface reaction in this study. Hence, we set more than 10Å for the unit cell in z-
axis direction as vacuum space, and remove influence of the interaction between the unit cells 
in z-axis direction. 
 Search of the adsorption sites 2.4.2
In this chapter, we adsorb Pd to each adsorption site of ZrO2 and CeO2 in a lattice constant 
(initial volume) and decide the adsorption site where Pd can be most stable. The calculation 
of adsorption energy of Pd is described as follows: 
𝐸𝑃𝑑 =
𝐸𝑃𝑑/𝑍𝑟𝑂2 − 𝐸𝑍𝑟𝑂2 − 2𝐸𝑃𝑑
2
× 13.06 [eV] (2.19) 
where EPd/ZrO2 is total energy when Pd adsorb to ZrO2 carrier by DFT calculation, EZrO2 is to-
tal energy of ZrO2 carrier by DFT calculation, and EPd is total energy of Pd atom. It is decided 
that a site having lowest adsorption energy of Pd is the adsorption site where Pd can be most 
stable. Moreover, we perform structure optimization to search for the structure that is the 
most stability of the whole surface molecular structure. At that time, we fix the component of 
surface molecular structure except Pd and two surface oxygen atoms.     
 
 CO oxidation reaction on catalyst 2.4.3
In the Pd adsorption site of ZrO2 and CeO2 carrier that is decided in chapter 4.2, we model 
CO oxidation reaction using Pd like Fig. 2.5. We evaluate CO and oxygen adsorption to Pd 
which is adsorbed to each carrier, and desorption of CO2 that is formed by CO-O combina-
tion. The calculation of adsorption energies of CO, oxygen, and CO2 is described as follows: 
𝐸𝐶𝑂_𝑎𝑑𝑠 =
𝐸𝑃𝑑𝐶𝑂/𝑍𝑟𝑂2 − 𝐸𝑃𝑑/𝑍𝑟𝑂2 − 2𝐸𝐶𝑂
2
× 13.06 [eV] (2.20) 
𝐸𝑂_𝑎𝑑𝑠 =
𝐸𝑃𝑑𝑂/𝑍𝑟𝑂2 − 𝐸𝑃𝑑/𝑍𝑟𝑂2 − 2𝐸𝑂
2
× 13.06 [eV] (2.21) 
𝐸𝐶𝑂2_𝑎𝑑𝑠 =
𝐸𝑃𝑑𝐶𝑂2/𝑍𝑟𝑂2 − 𝐸𝑃𝑑/𝑍𝑟𝑂2 − 2𝐸𝐶𝑂2
2
× 13.06 [eV] (2.22) 
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where EPdCO/ZrO, EPdO/ZrO2, EPdCO2/ZrO2 are total energy which CO, oxygen, CO2 are adsorbed 
to Pd/ZrO2 catalyst, and ECO, EO, ECO2 is the total energy of CO, oxygen, CO2. It is same 
about CeO2 carrier. In this chapter, we also perform structure optimization. At that time, we 
fix the component of surface molecular structure except Pd, CO, oxygen, CO2, and two sur-
face oxygen atoms.   
 Structural change by the heat  2.4.4
Pure ZrO2 causes the phase transition that structure changes by high temperature, but the 
volume changes at the same time. In general, it is also known that the object expands by heat. 
We pay attention to such a phenomenon in this study and change bond distance between Zr 
(or Ce) and oxygen which are component of crystal structure. By means of this, we expand 
the volume of ZrO2 and CeO2 carrier by 0.02 chopping fine from 1.0 times to 1.1 times, and 
reproduce the situation that heat increased. We calculate CO oxidation reaction as same as 
chapter 2.4.2 and 2.4.3 for every expanded volume. However, in calculation of chapter 2.4.3, 
it is thought that Pd can easily jump from adsorption site to other site because external energy 
is very high in the high temperature state. For that reason, we calculate adsorption energy of 
CO, oxygen, and CO2 for first and second stable Pd adsorption sites.  
 
 
 
Fig. 2.5. Initial adsorption position of CO, oxygen, and CO2.  Red and blue balls denote 
oxygen and cerium atom, respectively. 
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Now we explain a concrete calculation procedure using an example in Fig. 2.6. First, we 
make the carrier model that expanded 1.02 times volume of ZrO2 carrier (Fig. 2.6(b)). Sec-
ond, we decide first and second stable Pd adsorption sites like in chapter 2.4.2 (Fig. 2.6(c)). 
Finally, we evaluate CO oxidation reaction on those sites like chapter 2.4.3 (Fig. 2.6(d)). 
 
 
 
 
 
 
 
  
   
   
   
Fig. 2.6. The example of calculation procedure for 1.02 times volume. 
5.11Å 
3.61Å 
Expanded by heat 5.11Å×1.02 
3.61Å
×1.02 
Decision of first and 
second adsorption 
site 
(b) Surface molecular structure 
by structural change 
(a) Initial surface molecular 
structure 
(c) Pd adsorption on 
those sites 
Evaluate CO oxi-
dation reaction  
(d) CO oxidation reaction on 
those sites 
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 Prediction of CO purification temperature 2.4.5
Using adsorption energies of CO, oxygen, and CO2 calculated in chapter 4.4, we predict 
CO purification temperature with Pd/ZrO2 and Pd/CeO2 catalysts in consideration of the 
structural change by heat. The derivation of that of temperature uses equation (2.23) as a 
transformed Arrhenius equation: 
where Ea is activation energy [eV], R is gas constant, k is reaction rate, and A is frequency 
factor. Ea is applied Brønsted-Evans-Polanyi relation that there is a proportional relation be-
tween adsorption energy and activation energy. When log member of equation (2.23) is as-
sumed as variable C and apply equation (2.24) that is BEP relation, ti is able to transform 
equation (2.23) like equation (2.25): 
where a=0.90, b=2.07, C=0.05, and ΔE is sum of CO and oxygen adsorption energies. Final-
ly, we predict CO purification temperature by equation (2.25). 
 
 
𝑇 = −
𝐸𝑎
𝑅
(𝑙𝑜𝑔
𝑘
𝐴
) × 1.16 × 104 − 273 [℃] (2.23) 
𝐸𝑎 = 𝑎∆𝐸 + 𝑏 [eV] (2.24) 
𝑇 = −
𝐶
𝑅
{𝑎 × ∆𝐸 × 1.16 × 104 + 𝑏} − 273 [℃] (2.25) 
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2.5 Results and discussion 
 Decision of the adsorption site 2.5.1
In this chapter, we calculated Pd adsorption energy on adsorption sites of ZrO2 and CeO2. 
As shown in Table 2.1, Pd adsorption energies were high with the ZrO2, CeO2 carrier in order 
of: O_atop, Obridge1, Obridge2, Zr_atop; Obridge2, Obridge1, O_atop, Ce_atop respective-
ly, and the interactions between Pd and each site were strong in order of that. From this, ad-
sorption sites of ZrO2, CeO2 are decided as O_atop, Obridge2 respectively. Pd adsorption en-
ergy of ZrO2 and CeO2 adsorption sites except Zr_atop and Ce_atop respectively showed 
more than -1.71eV, so the interactions between Pd and two carrier were strong. A. D. 
Mayemick et al found that most favorable site of Pd adsorption on the CeO2 surface is on the 
Obridge2 site and adsorption energy is -1.78eV, followed by O_atop site (-1.68eV).8 The or-
der of adsorption sites was agreed, but it is thought that the difference of adsorption energies 
is probably caused from cutoff energy (450eV). In addition, our calculation showed that Pd 
atom on Obridge2 site supported on CeO2 is positioned 2.13Å from the two nearest oxygen, 
and  A. D. Mayemick et al found Pd atom is positioned 2.12Å.8 
Moreover, we obtained electron density distribution of valence band of Pd supported on 
adsorption site of each carrier. Fig. 2.7 showed electron density of that supported on ZrO2 and 
CeO2 distribute nearly the same position. Therefore, it is suggested that Pd supported on ZrO2 
and CeO2 have equal reaction property. 
 
Table 2.1. Pd adsorption feature on supports. 
Support 
Adsorption 
site 
Adsorption energy [eV] Distance of Pd-surface [Å] 
CeO2 ( 110 ) Obridge1 -1.836 0.855 
 
Obridge2 -2.001 1.551 
 
Ce_atop -0.616 2.654 
 
O_atop -1.726 2.046 
ZrO2 ( 110 ) Obridge1 -2.020 1.319 
 
Obridge2 -1.797 1.835 
 
Zr_atop -1.520 2.582 
 
O_atop -2.124 2.076 
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 Results of structural change by the heat 2.5.2
 Decision of the adsorption site with structural change by heat 2.5.2.1
In this chapter, we calculated Pd adsorption energies on adsorption sites of ZrO2, CeO2 in 
consideration of structural change by heat. We expanded the volume of ZrO2 and CeO2 by 
0.02 chopping fine from 1.00 times (standard) to 1.10 times, and calculated Pd adsorption 
energies for each volume. 
As shown in Fig. 2.8(a), Pd adsorption energy in ZrO2 adsorption sites tended to lower 
when the volume was expanded. In particular, on Obridge1 site, Pd adsorption energy was 
decreased from -2.02eV to -3.85eV, so it was revealed that adsorption site of ZrO2 changed 
from O_atop to Obridge1 by structural change. In CeO2 carrier, Fig. 2.8(b) showed that Pd 
adsorption energy tended to lower when the volume was expanded like ZrO2 carrier, but Pd 
adsorption energies on Ce_atop and O_atop site were increased from -0.90eV to 7.83eV and 
from -2.14eV to 6.63eV respectively. In addition, Pd adsorption energies on Obridge1 and 
Obridge2 site were decreased from -1.82 to -3.52eV, from -2.00eV to -3.15eV, respectively 
by structural change. Because of that, it is clear that adsorption site of CeO2 changed from 
Obridge2 to Obridge1 by structural change. Moreover, these results showed that Pd exerted 
 
Fig. 2.7.  Electron density distribution of valence band. 
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the strong interaction to Obridge1 and O_atop site of ZrO2, and Obridge1 and Obridge2 site 
of CeO2 from viewpoint of adsorption energy in consideration of structural change. 
Fig. 2.9 shows the d electron density center of Pd atom adsorbed on first and second stable 
adsorption site of (a) ZrO2 and (b) CeO2. The d electron density centers of Pd adsorbed on 
Obridge1 site of ZrO2 shifted more to negative side in comparison with that of O_atop site. 
However, the d electron density center of Pd shifted to the positive side after magnification 
1.08 of the lattice constant. On the other hand, in the case of Pd/CeO2 catalyst, the transitions 
 
(a) ZrO2 
 
(b) CeO2 
Fig. 2.8. Pd adsorption energy with structural change by heat. 
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of the d electron density center of Pd with structural change by heat are different. The d elec-
tron density centers of Pd on Obridge1site of CeO2 shifted negative side and they shifted to 
positive side after magnification 1.08 of the lattice constant, but that on Obridge2 site shifted 
to the negative side between magnifications 1.0~1.1 of the lattice constant. Therefore, it is 
predicted that the reaction tendency will change for Pd adsorbed on ZrO2 and CeO2 at a cer-
tain lattice constant magnification as a boundary. 
 
 
(a) ZrO2 
 
(b) CeO2 
Fig. 2.9. d electron density center of Pd atom adsorbed on (a) ZrO2 and (b) CeO2 with 
structural change by heat. The Fermi level is set to 0 eV. 
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 Results of CO oxidation reaction on catalysis with structural 2.5.2.2
change  
In this chapter, we calculated CO, oxygen, and CO2 adsorption energies on first and second 
stable Pd adsorption site of ZrO2 and CeO2. Table2 summarizes CO, oxygen, and CO2 ad-
sorption energies with Pd/ZrO2 and Pd/CeO2 catalysts by structural change. Pd/ZrO2 and 
Pd/CeO2 catalysts showed equal reaction property by no structural change (initial volume), 
but represented the different results by structural change. 
The adsorption energies of CO, oxygen, and CO2 on Pd supported on O_atop site of ZrO2 
showed almost constant value to 1.08 times volume, while those three species adsorbed on 
top of Pd though surface structure changed as can be seen from Fig. 2.10. On the other hand, 
on Obridge1 site, CO adsorption energy became higher from 1.00 times to 1.10 times vol-
ume, and CO2 adsorption energy showed an approximately constant value. In particular, oxy-
gen adsorption energy suddenly lowered from 1.06 times to 1.10 times volume and showed a 
strong adsorption power. Fig. 2.11 represented this difference of oxygen adsorption morphol-
ogy. Oxygen adsorbed on top of Pd from 1.00 times to 1.06 times volume, but adsorbed be-
tween Zr and Pd of ZrO2 surface from 1.08 times to 1.10 times volume, so it is considered 
that the difference value was appeared.  
In CeO2 carrier, adsorption energies of CO, oxygen, and CO2 on Pd supported on Obridge2 
site became higher from 1.00 times to 1.10 times volume and those three species adsorbed on 
top of Pd (Fig. 2.12), while structural changed. On the other hand, on Obridge1 site, CO2 ad-
sorption energy represented approximately constant value, but CO and oxygen adsorption 
energies became higher and lower from 1.02 times to 1.10 times volume respectively. More-
over, oxygen adsorbed between Ce and Pd in each expanded volume, and that of adsorption 
Table 2.2. CO, O, CO2 adsorption feature on Pd/support catalysts. 
Volume 
[times] 
Pd/ZrO2 [eV] Pd/CeO2 [eV] 
O_atop Obridge1 Obridge2 Obridge1 
CO O CO2 CO O CO2 CO O CO2 CO O CO2 
1.00 -2.20 -5.43 -0.27 -1.62 -4.74 0.02 -2.10 -5.58 -0.13 -1.50 -5.80 0.04 
1.02 -2.21 -5.41 -0.29 -1.55 -4.75 0.06 -2.05 -5.60 -0.07 -1.40 -5.76 0.00 
1.04 -2.21 -5.39 -0.28 -1.47 -4.77 0.00 -1.93 -5.56 -0.01 -1.37 -5.93 0.03 
1.06 -2.22 -5.39 -0.29 -1.33 -4.78 -0.01 -1.78 -5.46 -0.01 -1.12 -6.17 0.00 
1.08 -2.21 -5.40 -0.28 -1.14 -6.42 -0.01 -1.58 -5.37 0.00 -0.96 -6.45 0.00 
1.10 -2.17 -5.67 -0.23 -0.95 -7.06 0.00 -1.35 -5.26 0.08 -0.89 -6.66 0.00 
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2.084Å
1.825Å
3.087Å
energy was high like ZrO2. 
Furthermore, R. J. Behm et al reported that C-O bond length on Pd (100) surface was 
1.15±0.1Å by low energy electron diffraction (LEED) ,17 and our optimized configuration of 
that length was 1.157Å with both Pd/ZrO2 and Pd/CeO2 catalysts. In addition, CO adsorption 
energies on Obridge1 site of Pd/ZrO2 (-1.62eV) and Pd/CeO2 (-1.50eV) catalysts reproduced 
near value of the experimental value of CO adsorption energy for the single-crystal Pd (111) 
surface, -1.47eV ~ -1.54eV.18-20 The Adsorption morphology of Fig. 2.13(b) which oxygen 
adsorbed between Ce and Pd was also confirmed in the study by A. D. Mayernick.8 
 
  
 
 
 
(a) CO (b) oxygen (c) CO2 
Fig. 2.10. Adsorption morphology on O_atop site of Pd/ZrO2 catalyst with structural 
change (expanded 1.0 ~ 1.1 times volume). The magnifications of the lattice constant in 
each (a)~(c) figure are 1.0 time as examples. 
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(a) CO from expanded 1.00 ~ 1.1 times 
volume (1.0 time) 
(b) CO2 from expanded 1.00 ~ 1.1 times 
volume (1.0 time) 
  
(c) oxygen from expanded 1.00 ~ 1.06 
times volume (1.0 time) 
(d) oxygen from  expanded 1.08 ~ 1.10 
times volume (1.08 time) 
Fig. 2.11.  Adsorption morphology on Obridge1 site of Pd/ZrO2 catalyst with structural 
change. The magnifications of the lattice constant in each (a)~(d) figure are shown in 
parentheses as ecamples. 
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(a) CO (b) oxygen (c) CO2 
Fig. 2.12.  Adsorption morphology on Obridge2 site of Pd/CeO2 catalyst with structural 
change (1.0 ~ 1.1 times). The magnifications of the lattice constant in each (a)~(c) figure 
are 1.0 time as examples. 
   
(a) CO (b) oxygen (c) CO2 
Fig. 2.13.  Adsorption morphology on Obridge1 site of Pd/CeO2 catalyst with structural 
change (1.0 ~ 1.1 times).  The magnifications of the lattice constant in each (a)~(c) figure 
are 1.0 time as examples. 
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 Results of Prediction of CO purification temperature 2.5.3
 Not considering structural change by heat 2.5.3.1
In this chapter, we predicted CO purification temperature with Pd/ZrO2 and Pd/CeO2 
catalysts not considering structural change by heat. Fig. 2.14 shows predicted results of CO 
purification temperature on adsorption site of Pd/ZrO2 and Pd/CeO2 catalysts (initial volume) 
decided in chapter 5.1. Horizontal blue line in Fig. 2.14 represents our predictive value using 
CO, oxygen, and CO2 adsorption energies in only initial volume from Table 2.2, which means 
structural change is not considered. We predicted that CO oxidation reaction properties of 
Pd/ZrO2, Pd/CeO2 catalyst were equal, but actually the experimental results showed differ-
ence about 50˚C between Pd/ZrO2 and Pd/CeO2 catalysts to experimental condition tempera-
ture 750˚C. In addition, that of Pd/ZrO2 catalyst suddenly increased about 50˚C from 750˚C 
to 850˚C. Therefore, we cannot predict such a change and CO purification temperature by 
predictive method not considering structural change. 
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(a) ZrO2 
 
(b) CeO2 
Fig. 2.14. Predicted CO purification temperature for (a) ZrO2 and (b) CeO2 model with 
no structural change by heat. 
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 Considering structural change by heat 2.5.3.2
In this chapter, we predict CO purification temperature with Pd/ZrO2 and Pd/CeO2 cata-
lysts. Fig. 2.15 shows predicted CO purification temperature on first and second stable ad-
sorption site of Pd/ZrO2 and Pd/CeO2 catalysts. In Fig. 2.15, we assume 0.01 times of ex-
panded volume to be 100˚C. Vertical axis value in Fig. 2.15 represents good catalyst perfor-
mance when it becomes lower and bad catalyst performance when it becomes higher.  
In Pd/ZrO2 catalyst, CO purification temperature presented approximately constant values 
on O_atop site in every expanded volume, but was suddenly increased from 127˚C to 252˚C 
at 1.06 times volume on Obridge1 site. This is what oxygen adsorbed between Zr and Pd of 
ZrO2 surface, so ZrO2 surface and oxygen are strongly combined. It is thought that such a 
strong combination disturb other reaction like CO-O combination reaction. The experimental 
results represented the same tendency increasing from 135˚C to 180˚C at 750˚C experimental 
condition temperature.  
On the other hand, in Pd/CeO2 catalyst, CO purification temperature represented decreas-
ing from 220˚C to 165˚C on Obridge2 site, and increasing 207˚C to 222˚C on Obridge2 site. 
However, if we assume that CO oxidation reaction occurs on both Obridge1 and Obridge2 
site because Pd adsorption energies on Obridge2 site are strong from 1.00 times to 1.06 times 
volume and strong from 1.06 times to 1.10 times volume on Obridge1 site in Fig. 2.8(b), CO 
purification temperature is not decided on each expanded volume and it agrees with experi-
mental results well. Therefore, it is very important to consider structural change by heat espe-
cially adsorption site change.  
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Fig. 2.15.  Predicted result of CO purification temperature with Pd catalyst. 
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 Optimization of predicted CO purification temperature 2.5.3.3
In this chapter, we optimized predicted CO purification temperature with Pd/ZrO2 and 
Pd/CeO2 catalysts. Fig. 2.16 predicted CO purification reaction when CO oxidation reaction 
was caused in both two decided adsorption sites of each catalyst. In this case, we cannot re-
produce experimental results of CO purification temperature of both Pd/ZrO2 and Pd/CeO2 
catalysts. The error Terror between experimental value Texp and theoretical value Ttheo of CO 
purification temperature of Pd/ZrO2 and Pd/CeO2 catalysts were about -202˚C, 39˚C respec-
tively. 
Therefore, we changed the ratio of CO oxidation reaction like Table 2.3. We also shifted 
the experimental value of Pd/ZrO2 catalyst in Fig. 2.16 to the 0.01 times left side. Fig. 2.17 
shows modified predicted results of CO purification temperature. The error Terror of Pd/ZrO2 
and Pd/CeO2 catalysts were changed 4.15˚C, -12˚C respectively, so we reproduce the exper-
imental results more precisely than that of Fig. 2.16. From this predicted results, when we 
assumed that Pd adsorption sites of ZrO2 and CeO2 were replaced at 700˚C, 900˚C respec-
tively, it could be more precisely. 
Moreover, the ratio that length changes in response to a rise in temperature is called linear 
expansion coefficient α, and length of the object l when temperature changes into t˚C is ex-
pressed as follows: 
where l0 is the length of the object in the original temperature, the unit of α is [×10
-6/˚C]. It 
means 0.01 times when t = 100˚C (temperature rises 100˚C), α is 100, and l0 is 1(this means 
1.00 times). When α is 100, this value is close to natural rubber (α = 110). Under this assump-
tion, Pd/ZrO2 and Pd/CeO2 catalysts are the soft materials like natural rubber. However, α 
𝑙 = 𝑙0(1 + 𝛼𝑡) (2.36) 
Table 2.3. The ratio of CO oxidation reaction. 
Support Adsorption site 1.04 1.05 1.06 1.07 1.08 1.09 1.10 
ZrO2 
O_atop 0.1 0.1 0.1 0.5 0.9 0.9 0.9 
Obridge1 0.9 0.9 0.9 0.5 0.1 0.1 0.1 
CeO2 
Obridge2 0 0 0 0 0 0.5 0.75 
Obridge1 1.0 1.0 1.0 1.0 1.0 0.5 0.25 
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was measured about bulk (the solid inside). The solid surface reconstitutes its surface by sur-
face structure change to stabilize surface molecular structure when molecules adsorb to the 
surface and changes surface molecular structure.21 It is thought that a proper result is provid-
ed about the surface in such a meaning. 
 
 
 
(a) ZrO2 
 
(b) CeO2 
Fig. 2.16.  Optimized Predicted result of CO purification temperature I. 
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Fig. 2.17.  Optimized Predicted result of CO purification temperature II. 
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2.6 Conclusions 
In this study, we predicted CO purification temperature with Pd/ZrO2 and Pd/CeO2 cata-
lysts in consideration of structural change by heat. At first we calculated Pd adsorption ener-
gy to examine whether CO oxidation reaction was caused when Pd existed mainly in which 
adsorption site of ZrO2 and CeO2 carriers. We determined that Pd adsorption site of ZrO2, 
CeO2 carrier was O_atop, Obridge2 site respectively when we not considered structural 
change, and estimated that the reaction property of two catalysts was equal due to having the 
equal adsorption energies of CO, oxygen, and CO2. However, the experimental results of CO 
purification temperature of Pd/ZrO2 and Pd/CeO2 catalysts represented different value about 
50˚C.  
By having considered structural change by heat, it was revealed that adsorption site of ZrO2 
and CeO2 was changed from O_atop to Obridge1 and from Obridge2 to Obridge1 respective-
ly. In addition, using calculation results of the CO, oxygen, CO2 adsorption energies of ex-
panded volume on Pd adsorption site mentioned above, we predicted CO purification temper-
ature by the transformed Arrhenius equation. As a result, it was suggested that CO oxidation 
reaction was caused mainly on Obridge1 site of ZrO2, and on both Obridge1 and Obridge2 
site of CeO2. Moreover, we were able to catch the transition of CO purification temperature 
by considering structural change. 
From the above, CO purification temperature prediction method in consideration of  struc-
tural change by heat that we suggested in this study showed the exact results in the materials 
which we used this time. 
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3 Theoretical study of CO oxidation reaction on linear-shape 
gold molecules 
3.1 Introduction 
Au has attracted much attention in recent years since the high activity of Au nanoparticles 
was reported by Haruta et al.22 When Au is highly dispersed on oxide support, it can exhibit 
surprisingly high catalytic activity. Au clusters with or without support can function as good 
catalysts in a wide chemical reaction such as selective hydrogenations,23,24 propylene epoxi-
dation,25,26 water-gas shift,23,27,28 etc. The important factors that Au exhibits extraordinary 
catalytic activity have been investigated. These factors include the size of Au nanoparticles,29-
33 the electronic state and fluxionality of Au clusters,34-37 and type and structure of oxide sup-
ports.31,34,37-39 However, in spite of their exceptional effort, the dominant factors are still un-
der investigation and are studied extensively.  
CO oxidation usually takes place through the Langmuir-Hinshelwood mechanism on Pt 
group metal surfaces.40 Specifically, O2 adsorbed on metal surfaces dissociates and then re-
acts with adsorbed CO to form CO2. In contrast, in general consensus on Au catalysts, CO 
can adsorb on it, but it is difficult to dissociate O2. This is in agreement with the experimental 
results that oxygen atoms are not observed during CO oxidation41,42 and with the theoretical 
results that adsorption energy of O2 on Au cluster is weak and adsorbed O2 on Au catalyst is 
not easy to dissociate.43-45 Recently, theoretical studies have been reported that CO oxidation 
takes place at the interface between Au clusters and the oxide support surfaces.36,37,45-48 The 
key point along the reaction is OC-OO intermediate structure which is composed of CO and 
O2 coadsorption. The reaction pathway including OC-OO intermediate is also confirmed on 
Au surfaces or Au clusters without oxide support.32,37,44,45,48-54 CO2 is desorbed from interme-
diate, but oxygen atom is remaining on Au clusters. For example, Zhi-Pan Liu et al.45 report-
ed that the barriers of O2 dissociation on Au surfaces are generally very high. The lowest bar-
36 
rier is 0.93 eV, which occurs on steps of Au (211) surfaces. The gold particle does not play an 
important role in helping the O2 dissociation. O2 can directly react with CO on Au-steps with 
a low barrier (~0.46 eV). This CO+O2 route features an unsymmetrical 4-center OO-CO met-
astable intermediate on steps. Nima Nikbin et al.44 found that CO facilitates the formation of 
peroxo-like O2 in a metastable 4-center intermediate. This oxygen activation is essential for 
the formation of CO2. It was further demonstrated that the CO oxidation barriers involving 
coadsorbed CO and O2 via the 4-center intermediate are much lower than those of mecha-
nisms involving O2 dissociation. Chunyan Liu et al.
48 reported that the coadsorbed CO mole-
cule at a unique triangular Au3 active site can act as a promoter for the scission of an O-O 
bond of OC-OO intermediate, leading to the spontaneous formation (due to extremely low 
energy barrier) of two CO2 molecules as product. The key step to the O-O bond scission in 
the OC-OO intermediate is significantly accelerated due to the electrophilic attack of the co-
adsorbed neighboring CO molecule on the triangular Au3 site.  
In this study, we use density functional theory (DFT) calculation to study the Linear-shape 
Gold Molecules (LGM) for CO oxidation reaction. The LGM are observed experimentally on 
thin magnesia film by Simic-Milosevic et al,55,56 on thin alumina film by Kulawik et al,57 and 
on NiAl(110) by Nilius et al.58 Although the LGM are simple one-dimensional (1D) structure 
as compared to commonly calculated two-dimensional (2D) or three-dimensional (3D) clus-
ters, the property of CO oxidation reaction on LGM such as the adsorptions of CO and O2, 
OC-OO intermediate structure are not studied in detail. In this paper, we carry out DFT calcu-
lation to investigate the fundamental property on the CO oxidation catalyzed by anionic, neu-
tral, and cationic LGMn (n=2, 4, 8, 16, and 24). We first estimate the adsorption of CO and O2 
on LGMn as the first step of CO oxidation, and then evaluate the stability of OC-OO interme-
diate structure along the reaction pathway. 
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3.2 Computational method 
We performed DFT calculation by using Gaussian 09.59 To calculate the electronic state of 
LGMn, we chose the Becke three parameter hybrid functional (B3LYP).
60-62 We used the Los 
Alamos LANL2DZ effective core pseudopotential (ECP) and double-ζ basis set63-65 for Au 
and Pople triple-ζ 6-311+G (d) basis set for oxygen and carbon. The highest point on reaction 
pathway is selected as the first approximation for a transition state and the exact transition 
state is obtained by using the Berny optimization algorithm as implemented in Gaussian 09. 
The natural population analysis (NPA)66-68 was carried out to show the bonding nature be-
tween LGMn and CO or O2. Spin multiplicities of anionic, neutral, and cationic LGMnCO 
complexes are doublet, singlet, and doublet state, respectively, and those LGMnO2 complexes 
are doublet, triplet, and quartet state, respectively. The frequency calculations were carried 
out to identify the nature of optimized structures which also provide zero-point vibrational 
energy (ZPE) correction. The adsorption energies of CO and O2 on LGMn were obtained by 
the following equation 
𝐸ads = 𝐸(X LGM𝑛⁄ ) − 𝐸(LGM𝑛) − 𝐸(X)                                                                      (3.1) 
where the E(X/LGMn) is the total energy of X adsorbed on LGMn (X is CO or O2), E(LGMn) 
is the total energy of LGMn , E(X) is the total energy of X in the gas phase. All adsorption 
energies are corrected for basis set superposition error (BSSE) by using counterpoise correc-
tion.69 
In this study, we assume that CO oxidation proceeds on LGMn via this CO+O2→OC-
OO→CO2+O reaction pathway, and OC-OO structure is the reaction intermediate as the ini-
tial state. In order to evaluate this reaction pathway by LGMn on CO oxidation, we first 
search the molecular geometric structures of initial state, transition state, and final state by 
LGM2. After that, we calculate these reaction states on LGMn (n=4, 8, 16, and 24) by using 
optimized reaction intermediate of LGM2 as initial structure. In the case of LGMn (n=4, 8, 16, 
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and 24), both OC-OO and its neighboring Au atom for each reaction states are fixed except 
for other Au atoms on structural optimization to check the number dependence on the opti-
mized reaction intermediate of LGMn (n=4, 8, 16, and 24). Finally, we evaluated the stability 
of OC-OO intermediate and the activation energy along the reaction pathway. 
3.3 Results and discussion 
 Calibration 3.3.1
To confirm our choice of the combination of the functional and basis set, we calculated the 
electron affinities (EAs) and ionization potentials (IPs) for Au, Au2, O2, AuO, Au2O2. As 
shown in Table 3.1, we compare the calculated results of EAs and IPs with the experimental 
ones.70-75 In particular, the calculated EA values with B3LYP/LANL2DZ/6-311+G(d) and for  
AuO and Au2O2 are in good agreement with the experimental ones. This indicates that the  
TABLE 3.1. Calculated and experimental Electron Affinities and Ionization Potentials 
for Au, Au2, O2, AuO, and Au2O2. All energies are in eV. 
 
LANL2DZ (Au) / 6-311+G(d) (O) 
  EA     
 
IP     
  B3LYP PBE0 Exp 
 
B3LYP PBE0 Exp 
Au 2.166 1.975 2.247a 
 
9.421 9.232 9.219b 
Au2 2.028 1.880 2.017
a
 
 
9.428 9.260 9.149c 
O2 0.579 0.207 0.449
d
 
 
12.65 12.41 12.05e 
AuO 2.271 2.047 2.370d 
 
12.11 12.10 
 
Au2O2 2.900 2.692 2.94
f
   9.216 9.048   
 
LANL2TZ (Au) / aug-cc-pVTZ (O) 
  EA     
 
IP     
  B3LYP PBE0 Exp 
 
B3LYP PBE0 Exp 
Au 2.180 1.972 2.247a 
 
9.468 9.275 9.219b 
Au2 2.007 1.855 2.017
a
 
 
9.386 9.214 9.149c 
O2 0.535 0.247 0.449
d
 
 
12.55 12.40 12.05e 
AuO 2.247 2.020 2.370d 
 
11.86 11.85 
 
Au2O2 2.950 2.753 2.94
f
   9.150 10.24   
aReference 70.  
bReference 71.  
cReference 72.  
dReference 73.  
eReference 74.  
fReference 75.  
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combination of B3LYP, LANL2DZ, and 6-311+G (d) provides the confidence on the accura-
cy. The optimized configurations of CO, O2, and CO2 are shown in Fig. 3.1(a). The calculated 
values of CO, O2, and CO2 bond lengths in gas phase are 1.128 Å, 1.206 Å, and 1.161 Å, re-
spectively, which are in good agreement with the experiment ones (1.128 Å, 1.207  
Å, and 1.160 Å).76-78 The calculated vibrational frequencies of CO and O2 that applied 0.968 
of the scale factor79 are 2141.0 cm-1 and 1581.2 cm-1, respectively, which are in good agree-
ment with the experiment ones (2143.0 cm-1 and 1580.0 cm-1)78. From these results, it is  
 
FIG. 3.1. Optimized structures of (a) CO, O2, and CO2 molecular and (b) anionic, (c) 
neutral, (d) cationic LGM2, LGM2CO, and LGM2O2. The structures of LGM8, 
LGM8CO, and LGM8O2 (e) are shown as examples for increasing the number of Au at-
oms. Bond lengths are in Å and bond angles are in °. The golden, gray, and red bolls de-
note Au, C, and O atoms, respectively. 
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thought that calculation accuracy of the combination of B3LYP, LANL2DZ, and 6-311+G (d) 
is reliable. 
Here, the calculated IP value with PBE0/LANL2DZ/6-311+G(d) for Au and Au2 are in 
good agreement with the experimental ones. LANL2TZ/aug-cc-pVTZ basis set showed little  
improvement both B3LYP and PBE0. Because of reducing the computational cost, we select 
B3LYP/LANL2DZ/6-311+G(d). Moreover, B3LYP was shown to provide reliable adsorption 
energies of O2 with the experimental results
80, and has been successfully used to investigate 
the CO oxidation mechanism on Au clusters.44  
 O2 adsorption on LGMn (n=2, 4, 8, 16, and 24) 3.3.2
We investigate the adsorption of O2 on anionic, neutral, and cationic LGM2. As shown in 
Fig. 3.1(b)~(d), the optimized LGM2O2 complex has a tilted structure in each charge states. 
In general, the oxygen adsorption takes place via the charge transfer from the Au clusters to 
the antibonding π* orbitals of O2, further activating the O-O bonding and decreasing the O-O 
stretching frequencies.81 We perform NPA analysis to evaluate the O2 charge population of 
LGM2O2 complex in each charge state. As shown in Table 3.2, the net charge transfer from 
LGM2 in anionic, neutral, and cationic states to O2 are 0.662, -0.005, and -0.073, respectively, 
indicating that these are in agreement with the previous theoretical reports ((0.7080, 0.6082), 
(0.0280, 0.1882), -0.0480). Therefore, the charge transfer from anionic LGM2 to O2 is stronger 
than neutral one, and that makes O2 be more negatively charged specie. Similarly, the charge 
transfer from neutral LGM2 to O2 is stronger than cationic one. In addition, the calculated O-
O bond lengths in anionic, neutral, and cationic LGM2O2 complexes are 1.309 Å, 1.211 Å, 
and 1.206 Å, respectively. The O-O bond length in anionic complex is particularly elongated 
than O2 in gas phase (1.206 Å), while those in neutral and cationic ones are comparable to O2 
in gas phase. Thus, the O-O bond in anionic LGM2O2 complex is most activated in three 
types of charge states and the charge transfer in anionic LGM2O2 complex is strongest. The  
41 
TABLE 3.2. The adsorption energy (Eads), bond lengths, frequencies, and charge popu-
lation of O2 and CO adsorbed on the LGMn
-1, LGMn
0, and LGMn
+1 (n=2, 4, 8, 16, and 
24). Spin multiplicity of O2 and CO adsorbed on (LGMn
-1, LGMn
0, LGMn
+1) are (dou-
blet, triplet, quartet) and (doublet, singlet, doublet), respectively. 
 
O2 
 
CO 
LGMn Eads [eV] DO-O [Å] FO-O [cm
-1] qO2 
 
Eads [eV] DC-O [Å] FC-O [cm
-1] qCO 
LGM2
-1
 -0.820 1.309 1134.3 -0.662 
 
-0.232 1.172 1784.5 -0.309 
LGM4
-1
 -0.124 1.260 1213.8 -0.375 
 
-0.167 1.148 1943.4 -0.091 
LGM8
-1
 0.062 1.224 1395.5 -0.123 
 
-0.406 1.134 2086.4 0.078 
LGM16
-1
 0.083 1.214 1481.3 -0.034 
 
-0.591 1.131 2114.3 0.104 
LGM24
-1
 0.081 1.212 1501.1 -0.025 
 
-0.652 1.130 2121.8 0.114 
LGM2
0
 0.063 1.211 1519.8 0.005 
 
-0.778 1.130 2122.9 0.105 
LGM4
0
 0.072 1.210 1527.4 0.007 
 
-0.749 1.122 2194.4 0.114 
LGM8
0
 0.072 1.209 1528.7 0.009 
 
-0.757 1.128 2135.7 0.120 
LGM16
0
 0.064 1.210 1526.0 0.008 
 
-0.769 1.128 2138.3 0.123 
LGM24
0
 0.050 1.209 1530.4 0.011 
 
-0.774 1.128 2139.2 0.124 
LGM2
+1
 -0.126 1.206 1546.5 0.073 
 
-1.289 1.120 2213.7 0.206 
LGM4
+1
 -0.045 1.206 1548.5 0.063 
 
-1.152 1.122 2194.4 0.177 
LGM8
+1
 0.014 1.207 1547.3 0.041 
 
-1.018 1.124 2177.5 0.166 
LGM16
+1
 0.046 1.207 1549.4 0.029 
 
-0.923 1.125 2164.1 0.151 
LGM24
+1
 0.057 1.209 1535.6 0.023 
 
-0.884 1.126 2158.1 0.145 
calculated adsorption energies of O2 on anionic, neutral, and cationic LGM2 are -0.820 eV, 
0.063 eV, and -0.126 eV, respectively, and these are in consistent with the previous theoretical 
values ((-0.95 eV80, -1.18 eV82), (-0.06 eV80, -0.04 eV82), -0.28 eV80). The experimental value 
of O2 adsorption in anionic Au2O2 is 1.01 eV
83 and is in good agreement with the calculated 
one, while neutral and cationic Au2O2 are not observed.
84,85 Here, Wiberg bond orders and 
electrostatic potentials of Au-O bond in LGM2O2 complex from NBO analysis are shown in 
Table 3.3. Since the electrostatic potentials of both anion and cation are much larger than that 
of neutral, this illustrates the lowest adsorption energy of O2 in neutral LGM2O2 complex. 
The electrostatic potential differences between anion and cation are 0.028 eV, but this cannot 
explain that the adsorption energy of O2 in anionic complex is about 6.5 times larger than that 
in cationic complex. We take into account the bond order which gives covalent multiplicity.  
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TABLE 3.3. Wiberg bond orders and electrostatic potentials of Au-O bond from NBO 
analysis in LGMnO2 (n=2, 4, 8, 16, and 24) complexes.  
 Wiberg bond order  Electrostatic potential [eV] 
LGMn anion neutral cation  anion neutral cation 
LGM2 0.380 0.102 0.111  -0.258 -0.005 -0.230 
LGM4 0.300 0.094 0.106  -0.067 -0.025 -0.188 
LGM8 0.155 0.093 0.094  0.013 -0.028 -0.119 
LGM16 0.110 0.098 0.089  -0.005 -0.032 -0.077 
LGM24 0.103 0.093 0.087  -0.012 -0.032 -0.062 
For instance, bond order 1 means single bond, 2 means double bond, and so on. In the case of 
LGM2O2 complex, the bond orders represent approximately 0.1, expressing that Au and O are 
little bonded covalently. This indicates that the influence of the electrostatic interaction is 
strong between LGM2 and O2 in three types of charge states. Nevertheless, Au-O bond in an-
ionic LGM2O2 complex has about 3.5 times larger bond order than other charge state’s com-
plexes. In fact, Au-O bond lengths in anionic, neutral, and cationic LGM2O2 complexes are 
2.166 Å, 2.481 Å, and 2.403 Å, respectively. Therefore, these results indicate that anionic 
LGM2-O2 bond is influenced by not only the electrostatic potential but also covalent bond 
and is strongest in three types of charge states. The calculated O-O vibrational frequencies in 
anionic, neutral, and cationic LGM2O2 complexes are 1134.3 cm
-1, 1519.8 cm-1, and 1546.5 
cm-1, respectively, and that in anionic complex decreases 446 cm-1 as compared to O2 in gas 
phase (1580.0 cm-1). This is in good agreement with the calculated result of Au2O2
-1 (1123.7 
cm-1),86 and this result suggests that the chemical specie is changed. 
In the O2 adsorbed structure in each charge state as mentioned above, we check the influ-
ence of increase of the number of Au atom in LGM to the adsorption properties in LGM2O2 
complex. Fig. 3.1(e) shows the optimized LGM8, LGM8CO, and LGM8O2 complexes as ex-
amples when LGMn increase. In the case of anionic state, as shown in Table 3.2 and Figs. 
3.2(a) and 3.2(b), the calculated adsorption energies of O2 on anionic LGM4, LGM8, LGM16, 
and LGM24 are -0.124 eV, 0.062 eV, 0.083 eV, and 0.081 eV, respectively, indicating that O2 
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is not almost bound to anionic LGMn and increase of the number of Au atom in LGM has 
great effect on the adsorption of O2. Moreover, the calculated adsorption energy of O2 on 
LGM24
-1 is only 0.018 eV difference than that of LGM2
0. Wiberg bond orders of Au-O bond 
in anionic LGMnO2 complexes are decreased from 0.380 (LGM2) to 0.103 (LGM24), and 
electrostatic potential of Au-O bond in LGM24O2 complex is 0.246 eV lower than that in 
LGM2O2. The net charge transfer from LGM24
-1 to O2 is only 0.025. This result represents 
that the bond state of LGM24O2 is different from that of LGM2O2 with increase of the number 
of Au atom in LGM, and bonding O2 is nearly vapor phase O2 in LGMnO2. Actually, the cal-
culated O-O vibrational frequency and bond length difference between LGM24
-1O2 complex 
and O2 in gas phase are 78.9 cm
-1 and 0.006 Å, respectively. From the above mentioned, the 
more LGMn increases, the weaker LGMn-O2 interaction become. Furthermore, there is little 
difference of O2 bonding between LGM24
-1 and LGM2
0. It suggests that the adsorption prop-
erties of O2 on anionic LGMn are comparable to neutral ones with increase of the number of  
 
FIG. 3.2. Comparison of adsorption energies and charge population of O2 ((a) and (b)) 
and CO ((c) and (d)) adsorbed on the LGMn
-1, LGMn
0, and LGMn
+1 (n=2, 4, 8, 16, and 
24). Blue balls, red triangles, and Black squares are LGMn
-1, LGMn
0, and LGMn
+1, re-
spectively. 
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Au atom in LGM.  
Similarly, the calculated adsorption energies of O2 on cationic LGM4, LGM8, LGM16, and 
LGM24 are -0.045 eV, 0.014 eV, 0.046 eV, and 0.057 eV, respectively, and that on cationic 
LGM24 has 0.015 eV difference with respect to that on neutral LGM2. The electrostatic poten-
tials of Au-O bond in cationic LGM24O2 (-0.062 eV) are about 3.7 times lower than that in 
cationic LGM2 (-0.230 eV). The net charge transfer from LGM24
+1 to O2 is -0.023 (this nega-
tive value means that the net charge transfer takes places from O2 to LGM24
+1). These results 
suggest that cationic LGM2O2 complex has the electrostatic potential with respect to Au-O 
bond, but that influence gradually disappears with increase of the number of Au atom in 
LGM. This is confirmed that the difference of calculated O-O vibrational frequency between 
O2 on LGM24
+1 and O2 in gas phase is 44.4 cm
-1 and the difference of O-O bond distance is 
0.003 Å.  
On the other hand, the calculated adsorption energies of O2 on neutral LGM4, LGM8, 
LGM16, and LGM24 are 0.072 eV, 0.072 eV, 0.064 eV, 0.050 eV, respectively, and the net 
charge transfer from LGM24
0 to O2 is -0.011. This is caused by almost unchanged values of 
Wiberg bond orders (from 0.102 for LGM2 to 0.093 for LGM24) and electrostatic potentials 
(from 0.005 eV for LGM2 to -0.032 eV for LGM24). This is also confirmed that the calculated 
O-O vibrational frequency and bond length difference between LGM24
0 and O2 in gas phase 
are 49.6 cm-1 and 0.003 Å, respectively. This result indicates that these adsorption properties 
are little changed in neutral LGMn with increase of the number of Au atom in LGM, and 
LGMn
0 does not approximately interact with O2. 
From the above, it is found that the charge state does not play an important role for O2 ad-
sorption in LGMnO2 complexes with increase of the number of Au atom in LGM. Further-
more, the more O2 is negatively charged, the larger adsorption energies of O2 become, the 
longer O-O bond lengths are extended. 
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 CO adsorption on LGMn (n=2, 4, 8, 16, and 24) 3.3.3
As shown in Fig. 3.1(b)~(d), the optimized neutral and cationic LGM2CO complexes have 
linear structure, while its anionic complex shows tilted structure. In general, the interaction 
between Au clusters and CO is characterized by charge transfer.87,88 Specifically, the bonding 
between Au clusters and CO is related to the balance between the charge transfer from CO to 
Au clusters (donation) and from Au clusters to CO (back donation). The net charge transfer 
from LGM2
+1, LGM2
0, and LGM2
-1 to CO are -0.206, -0.105, and 0.309, respectively, and the 
calculated adsorption energies of CO on LGM2
+1, LGM2
0, and LGM2
-1 are -1.289 eV, -0.778 
eV, and -0.232 eV, respectively. Here, Wiberg bond orders and electrostatic potentials of Au-
C bond in LGM2CO complex from NBO analysis are shown in Table 3.4. The electrostatic 
potentials of Au-C bond in cationic, neutral, and anionic LGM2CO complexes are 0.056 eV, 
0.017 eV, and -0.009 eV, respectively, indicating that Au-C bond in anionic complex shows 
the strongest electrostatic interaction in three charge state. If this is thought like the case of 
O2, the adsorption energy of CO in anionic LGM2CO complex is the largest, but actually cat-
ionic LGM2CO complex has the largest CO adsorption energy. Wiberg bond orders of Au-C 
bond in anionic LGM2CO complex is 0.663, which is about 1.7 times larger than that in ani-
onic LGM2O2 complex, while those in neutral and cationic LGM2CO complexes are about 
6.6 times larger than those in neutral and cationic LGM2O2 complexes. This indicates that 
Au-C bond in LGM2CO complex display the more covalency bond than that in LGM2O2 
complex. We further consider the value of charge of peripheral Au atom and  
TABLE 3.4. Wiberg bond orders and electrostatic potentials of Au-C bond from NBO 
analysis in LGMnCO (n=2, 4, 8, 16, and 24) complexes.  
 Wiberg bond order  Electrostatic potential [eV] 
LGMn anion neutral cation  anion neutral cation 
LGM2 0.663 0.777 0.730  -0.009 0.017 0.056 
LGM4 0.663 0.762 0.741  -0.013 0.034 0.072 
LGM8 0.754 0.759 0.748  0.006 0.038 0.065 
LGM16 0.758 0.757 0.751  0.022 0.041 0.058 
LGM24 0.758 0.757 0.752  0.029 0.029 0.054 
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the lowest unoccupied molecular orbital (LUMO) energies in LGMn, as shown in Table 3.5 
and Fig. 3.3. The peripheral Au atom in anionic LGM2 is most negatively charged (-0.500) 
and that in cationic LGM2 is most positively charged (+0.500), while that in neutral LGM2 is 
0. When the energy of LUMO is high it is difficult to receive an electron but is easy to re-
lease, and the adsorption energy should be low due to the repulsion between negatively 
charged Au and the donor electrons from CO.89 In contrast, when LUMO energy is low it is 
easy to receive an electron but is difficult to release. In our optimized model, the energy of 
LUMO in anionic LGM2CO complex is highest and that in cationic one is lowest (see in Fig. 
3.3), indicating that it is hard for CO to give an electron to negatively charged LGM2 (dona 
 
FIG. 3.3. Comparison of the lowest unoccupied molecular orbital (LUMO) energies of 
peripheral Au atom in anionic, neutral, and cationic LGMnCO (n=2, 4, 8, 16, and 24) 
complexes. Blue balls, red triangles, and Black squares are LGMn
-1, LGMn
0, and 
LGMn
+1, respectively. 
TABLE 3.5. The charge population of peripheral Au atom in anionic, neutral, and cati-
onic LGMn (n=2, 4, 8, 16, and 24). 
LGMn anion neutral cation 
LGM2 -0.500 0.000 0.500 
LGM4 -0.317 0.048 0.493 
LGM8 -0.156 0.055 0.364 
LGM16 -0.036 0.059 0.270 
LGM24 0.012 0.123 0.237 
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tion) and positively charged LGM2 can accept an electron easily. This is described as the 
charge of the edge of LGM2 in Table 3.5. In the case of anionic state, Au atom has negatively  
charge of -0.500, therefore the electrostatic repulsive force occurs in the donation from CO to 
LGM2. This means that the adsorption energy of CO should be low. On the other hand, the 
electrostatic gravitational force takes place between positively charged Au atom and the do-
nor electron from CO, and this exhibits that the adsorption energy of CO should be large. 
From the mentioned above, the adsorption energy of CO in neutral LGM2CO complex should 
be a value between those in anionic and cationic state. Therefore, the donation is stronger in 
cationic than in neutral LGM2CO complexes. Similarly, it is stronger in neutral than anionic 
state. The previously reported adsorption energies of CO in cationic, neutral, and anionic 
Au2CO complexes are -2.02 eV
88, (-1.53 eV88, -1.108 eV90, and (-0.78 eV88, -0.97 eV86), re-
spectively, which are 0.3～0.5 eV smaller than our calculated ones. The adsorption energies 
previously reported are given by PW91 functional and ours are B3LYP functional. It is re-
ported that the adsorption energies of CO for AunCO (n=1~6) in cationic, neutral, and anionic 
state are always smaller, by 0.4-0.6 eV (approximately), than those given by the PW91PW91 
functional.88 However, the calculated adsorption energies with two functionals show very 
similar behaviors as a function of cluster size, and this indirectly suggest that adsorption 
trends should be correctly predicted by both functionals. The C-O bond lengths in cationic, 
neutral, and anionic LGM2CO complex are 1.120 Å, 1.130 Å, and 1.172 Å, respectively, and 
the calculated C-O vibrational frequencies are 2213.7 cm-1, 2122.9 cm-1, and 1784.5 cm-1, 
respectively. This is in good agreement with the calculated results of Au2CO complex ((1.13 
Å, 1.14 Å, and 1.18 Å) and (2198.9 cm-1, 2110.7 cm-1, and 1810.7 cm-1)).88  
In the case of increase of the number of Au atom in LGM, the calculated adsorption ener-
gies of CO on cationic LGM4, LGM8, LGM16, and LGM24 are -1.152 eV, -1.018 eV, -0.923 
eV, and -0.884 eV, respectively (see in Table 3.2 and Figs. 3.2(c) and 3.2(d)). It is found that 
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the more increase of the number of Au atom in LGM, the weaker LGM-CO interaction be-
come in cationic state. The values of charge of peripheral Au atom in LGMnCO complexes 
become low from +0.500 (LGM2
+) to 0.237 (LGM24
+). Moreover, the energies of LUMO are 
changed from -11.66 eV to -7.77 eV in cationic LGMnCO complex. This indicates that the 
adsorption energies of CO are decreased associated with these numerical values and approach 
to those in neutral state. Although CO adsorption energies decreased with increase of the 
number of Au atom in LGM, there are still strong adsorption energies because of low ener-
gies of LUMO and the values of charge of peripheral Au atom. The net charge transfer from 
cationic LGM4, LGM8, LGM16, and LGM24 to CO are -0.177, -0.166, -0.151, and -0.145, re-
spectively. The calculated vibrational frequency of CO on LGM24
+1 (2158.1 cm-1) is slightly 
increased as compared to that on LGM2
0 (2122.9 cm-1) due to a small difference of C-O bond 
distance. In addition, the average charge of LGM24
+1 (0.042) is near that of LGM2
0 (0). From 
these results, the LGMn-CO bonding on LGM24
+1 and LGM2
0 are comparable. 
In neutral state, the calculated adsorption energies of CO in LGMnCO (n=4, 8, 16, and 24) 
complexes are -0.778 eV ~ -0.774 eV, respectively. It is represented that CO adsorption ener-
gies are only 0.04 eV decreased with increase of the number of Au atom in LGM. This is also 
caused by the energies of LUMO and the charges of peripheral Au atom. When Au atoms are 
added to LGM2, the energies of LUMO and charges of peripheral Au atom become slightly 
0.25 eV and 0.123 eV large, respectively, and therefore the adsorption energies of CO are not 
almost changed. This is similar to C-O vibrational frequencies (2122.9 cm-1 ~ 2139.2 cm-1) 
and net charge transfer (-0.105 ~ -0.124). These results suggest that increase of the number of 
Au atom in neutral LGMnCO complexes scarcely affect regarding CO adsorption. 
The calculated adsorption energies of CO on anionic LGM4, LGM8, LGM16, and LGM24 
are -0.167 eV, -0.406 eV, -0.591 eV, and -0.652 eV, respectively, and that on LGM24
-1 are 
0.495 eV larger than that on LGM2
-1 (-0.420 eV). In contrast with the adsorption of O2, 
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LGMn-CO interactions become strong with increase of the number of Au atom in LGM. In 
fact, the calculated vibrational frequency of C-O in LGM24
-1 (2121.8 cm-1) is increased com-
pared to in LGM2
-1 (1784.5 cm-1), which means that the chemical specie for LGM24CO
-1 
complex is different from LGM2CO
-1. The values of charge of peripheral Au atom in LGMn-
CO complexes become low from -0.500 (LGM2
-1) to -0.012 (LGM24
-1), which is comparable 
to charge of 0 (LGM2
0). Moreover, the energies of LUMO are changed from 1.30 eV to -4.71 
eV in anionic LGMnCO complex. This result indicates that this change of electrostatic prop-
erty and the energy of molecular orbital with increase of the number of Au atom in LGM 
make CO facilitate to do donation to LGMn. The net charge transfer from anionic LGM4, 
LGM8, LGM16, and LGM24 to CO are 0.091, -0.078, -0.104, and -0.114, respectively, suggest-
ing that it is difficult for neutral LGMn to do back donation to CO with increase of the num-
ber of Au atom in LGM. 
From the above, we find that the differences of the adsorption of CO on LGMn in each 
charge state become small with increase of the number of Au atom in LGM due to the energy 
of LUMO and the charge of the edge of Au atom in LGMn. 
 Dependence of the number of Au atom in LGM on the adsorption 3.3.4
of CO and O2 
When the total charges of LGMn depend on the number of Au atoms, those which are as-
signed to each Au atom are inversely proportional to the number of Au atoms. To check the 
dependency between the CO and O2 adsorption on LGMn and the number of Au atoms, the 
reciprocal numbers of Au atoms (1/2, 1/4, …, 1/n) are added in Fig. 3.2, and the relationships 
between the reciprocal numbers of Au atoms and electric charges or adsorption energy of CO 
and O2 are shown in Fig. 3.4. Although the charges of CO in each charge state have the rela-
tion with the reciprocal numbers of Au atoms due to the coefficient correlation R2 (Fig. 
3.4(a)), the adsorption energies of CO in cation only have relation with them (Fig. 3.4(b)). 
When the number of Au atoms is small, the donation of CO takes place easily but the back 
donation happens difficulty. Moreover, the more the number of Au atoms increases, the more 
50 
the amount of the donation of CO decreases. Thus, the donation of CO is the main factor for 
the adsorption of CO on LGMn in cation, and this can be illustrated by the reciprocal number 
of the Au atoms. However, it is necessary to take into account the donation of CO and back 
donation of LGMn , and hence it is difficult to explain the changes of the adsorption of CO 
with increasing the number of Au atoms by simple model which is the reciprocal number of 
the Au atoms. On the other hand, both the charges and the adsorption energies in each charge 
have the relation with the reciprocal numbers of Au atoms (Figs. 3.4(c) and 3.4(d)), in partic-
ular in anion. Because the charges of LGMn gradually decrease with the number of Au atoms, 
the charges of O2 are directly proportional to them. Therefore, O2 of LGMnO2 complex in an-
ion has sufficient charges donated from LGMn, and these indicated that the adsorption of O2 
on LGMn has the relation with the number of Au atoms. 
 
FIG. 3.4. Relationship between reciprocal number of the number of LGMn and 
adsorption energies, and charge population of CO ((a), and (b)) and O2 ((c), and (d)) 
adsorbed on the LGMn
-1, LGMn
0, and LGMn
+1 (n=2, 4, 8, 16, and 24). Blue balls, red 
triangles, and Black squares are LGMn
-1, LGMn
0, and LGMn
+1, respectively. 
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 CO oxidation catalyzed by LGM2
-1 
3.3.5
From the results of the calculated adsorption of CO and O2 on LGM, it is confirmed that 
the anionic LGM is capable of donating the electron to both CO and O2 while both cationic 
and neutral ones are not able to donate. In fact, O2 shows the strong adsorption energy on an-
ionic LGM2 but the very weak in neutral and cation. Therefore, in this study, we search for 
CO oxidation catalyzed by anionic LGM2. Fig. 3.5. shows the optimized structure of CO and 
O2 coadsorbed structures on anionic LGM2. The relative energies of B and C on the basis of 
A are 0.223 eV and 0.343 eV respectively. In particular, structure A has OC-OO intermediate 
structure. In this structure, O2 does not adsorb on Au atom of LGM2CO complex, but adsorb 
on C atom of LGM2CO complex. The Wiberg bond order of OC-OO intermediate of C-O is 
0.620, while that of Au-O in structure B and C are 0.308 and 0.372, respectively. This indi-
cates that O2 molecule strongly binds to the C atom of LGM2CO complex than Au atom. 
Therefore, OC-OO intermediate structure in structure A is the most stable in this system, so 
we search for CO oxidation on structure A. The potential energy surface for CO oxidation on 
LGM2
-1 is shown in Fig. 3.6. The initial state of reaction IM1 is composed of LGM2
-1, CO,  
 
FIG. 3.5. Optimized structures (A-C) of CO and O2 coadsorbed structure on anionic 
Au2 cluster (LGM2). Bond lengths are in Å and bond angles are in °. The golden, gray, 
and red bolls denote Au, C, and O atoms, respectively. 
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and O2, which is OC-OO intermediate structure, and that is more stable by -1.226 eV than the 
separated reactants (LGM2
-1 + CO + O2). This IM1 is reported in previous literatures.
49,51,54 In 
IM1 structure, CO is bonded on LGM2
-1 as OCLGM2
-1 complex, and O2 interacts with C at-
om of that. The C-O and O-O bond lengths composed of OC-OO intermediate are lengthened 
by 1.180 Å, 1.306 Å, respectively, and those charges are -0.122, -0.450, respectively. The 
value of charge of O2 of OC-OO exhibit between that of LGM2O2
-1 and LGM4O2
-1 complex-
es, indicating that O2 of OC-OO intermediate represents relatively strong interaction with 
other reactants. Along the reaction coordinate, the initial complex of IM1 is converted into 
the intermediate IM2 via the transition state TS1. The activation energy to be surmounted 
from IM1 to TS1 is 0.598 eV. The imaginary frequency of TS1 is 1116.2 cm-1, indicating the 
O-O bond breaking and the O-C bond forming. After that, the next reaction state is donated as 
IM2. IM2 is less stable by 0.516 eV than IM1 and stable by 0.082 eV than TS1, but more sta-
ble by -0.710 eV than separated reactants. In IM2, O-O bond length of OC-OO intermediate 
is elongated by 1.489 Å. From IM2, the reaction proceeds to IM3 via TS2, which the activa-
 
FIG. 3.6. Potential energy surfaces for CO oxidation on Au2
-1 cluster (LGM2). The sum 
of free Au2
-1, CO, and O2 is set to zero. All energies are in eV. The golden, gray, and red 
bolls denote Au, C, and O atoms, respectively. 
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tion energy is 0.195 eV. The imaginary frequency of TS2 is 1013.5 cm-1, which means the 
elongation of the O-O bond length and the shortening of the O-C bond length. As shown in 
Fig. 3.6, the rate-determining step is the forming of the transition state TS2, which is lower 
than the separated reactants and the overall activation energy between TS2 and IM1 is 0.711 
eV. CO2 formed step IM3 is much more stable by 3.297 eV than the separated reactants. The 
overall reaction including the desorption of CO2 step is stable by 3.319 eV. From these re-
sults, this reaction pathway may be energetically favorable pathway for CO oxidation cata-
lyzed by LGM2
-1. 
 CO oxidation catalyzed by LGMn
-1 (n=4, 8, 16, and 24) 3.3.6
To investigate the effect of increase of the number of Au atom in LGM for the potential en-
ergy surface for CO oxidation catalyzed by LGM2
-1, we consider the CO oxidation catalyzed 
by LGMn
-1 (n=4, 8, 16, and 24). The reaction coordinates for CO oxidation catalyzed by 
LGM2
-1 mentioned the above are used as standard structures. For example in IM1, the OC-
OO intermediate and Au atom that is nearest neighbor of the intermediate are fixed and the 
additional Au atoms are bonded to the remaining Au atom to maintain the linear structure on 
the geometry optimization of LGMnOOCO
-1 (n=4, 8, 16, and 24) complexes. The other reac-
tion state (TS1, IM2, TS2, IM3, (LGM2+CO2)) are similar to that. The energies of the inter-
mediate states (IM1, IM2, IM3), the transition states (TS1, TS2), and the CO2 desorption 
state (LGMnO
-1+CO2) in CO oxidation catalyzed by LGMn
-1 are summarized in Table 3.6 and 
Fig. 3.7. The all energies of reaction states of LGMn
-1 (n=4, 8, 16, and 24) have a tendency to 
be higher (less stable) than those of LGM2
-1. In particular, the energies of TS1, IM2, TS2 of 
LGM4
-1, IM1, TS1, IM2, TS2 of all of LGM8
-1, LGM16
-1 and LGM24
-1 are much higher than 
the separated reactants. These energies represent that the OC-OO intermediate of LGMn
-1 in 
IM1 are not able to form its structure more than LGM8
-1. In Table 3.7, the values of O1C2 and 
O3O4 charges of O1C2-O3O4 intermediate in IM1 are shown, indicating that those of CO and  
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TABLE 3.6. The energies of intermediate (IM1, IM2, IM3), transition state (TS1, TS2), 
CO2 desorption state (LGMnO
-1+CO2) (n=2, 4, 8, 16, and 24), and charge population of 
CO and O2 of OC-OO for intermediate IM1. The sum of free LGMn
-1, CO, and O2 is set 
to zero. All energies except for charge population are in eV. 
LGMn
-1
 IM1 TS1 IM2 TS2 IM3 
LGMnO
-1 
+CO2 
Ea(TS2-IM1) Ea(TS1-0) 
LGM2
-1
 -1.226 -0.628 -0.710 -0.515 -3.297 -3.319 0.711   
LGM4
-1
 -0.381 0.175 0.094 0.273 -2.375 -2.503 0.654   
LGM8
-1
 0.145 0.677 0.591 0.667 -1.694 -1.986  0.677  
LGM16
-1
 0.433 0.947 0.826 0.817 -1.469 -1.730  0.947  
LGM24
-1
 0.527 1.035 0.898 0.864 -1.282 -1.630  1.035  
O2 charges on LGM24
-1 are +0.010 and -0.303, respectively, and they are higher (positively 
charged) than LGM2
-1 (+0.122 and -0.450). Here, it is indicated in Table 3.2 and Fig. 3.2 that 
the more the values of charge of CO and O2 on LGMn
-1 become high positively, the more the 
values of the adsorption of CO and O2 become strong and weak, respectively. Thus, in the 
large number of Au atom in LGMnOCOO
-1, LGMn
-1
-CO interaction becomes strong and O2- 
(LGMn
-1CO) interaction becomes weak due to increase of the number of Au atom, and it 
causes not to be able to form OC-OO intermediate. In other words, O2 of OC-OO in small  
 
FIG. 3.7. Comparison of potential energy surfaces for CO oxidation on Au2
-1 (deep blue 
rhombuses), LGM4
-1 (red squares), LGM8
-1 (green triangles), LGM16
-1 (violet balls), and 
LGM24
-1 (black asterisks). The sum of free LGMn
-1 (n=2, 4, 8, 16, and 24), CO, and O2 is 
set to zero. 
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TABLE 3.7. The charge population of CO and O2 of O1C2-O3O4 intermediate in IM1. 
LGMn
-1
 O1 C2 O3 O4 
LGM2
-1
 -0.092 -0.030 -0.258 -0.192 
LGM4
-1
 -0.063 -0.013 -0.241 -0.163 
LGM8
-1
 -0.037 0.004 -0.222 -0.136 
LGM16
-1
 -0.018 0.015 -0.208 -0.115 
LGM24
-1
 -0.009 0.019 -0.200 -0.103 
LGM2
-1 and LGM4
-1 are bound and stable because they are charge transferred from Au atoms 
in LGM-1, but O2 of OC-OO in large LGM
-1 are unstable because its charge values are small-
er than those in small LGM-1 and the charge transfer is switched from Au atoms in LGM-1 to 
CO. These describe the stability of IM1 and changing of rate-determining step from O-O 
bond breaking step TS2 in LGMn
-1(n=2, 4) to TS1 in LGMn
-1(n=8, 16, 24) (as shown in Table 
3.6). In addition, Fig. 3.8 summarizes the relations between (the total energies of IM1 or the-
overall activation energies) in LGMn
-1 and the values of charge of O2 of OC-OO intermediate 
in LGMn
-1. This figure clearly shows that the trend of the overall activation is switched be-
tween LGM4
-1 and LGM8
-1 by how much O2 of OC-OO intermediate in LGMn
-1 are charged, 
and the stability of OC-OO intermediate (IM1) depends on the charge of O2 of OC-OO in-
termediate. Therefore, controlling the size of Au atom and the charge of per Au atom in 
LGMn
-1 leads to determining the activity of CO oxidation reaction in LGMn
-1. From strength 
and weakness relations of the adsorption energy of CO and O2, it is expected that the LGM-
nOCOO
-1 structure become LGMnCO
-1 + O2. The OC-OO intermediate of LGMn
-1 are able to 
be formed at least 4 Au atoms. The average value of charge of Au atoms in LGMn
-1 decreases 
from -0.5 (LGM2
-1) to -0.042 (LGM24
-1). In Fig. 3.7, the activation energies Ea (TS2 – IM1) 
are decreased with increase of the number of Au atom in LGM, namely decreasing the aver-
age values of charge of LGMn
-1. Therefore, the CO2 desorption is affected by the value of 
charge of Au atom in LGMn
-1. CO2 is desorbed from both LGM16
-1 and LGM24
-1 with activa 
tion energy of 0 eV. On the other hand, the differences of activation energy involved in TS1  
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FIG. 3.8. Relations between (the total energies of IM1 (red squares) or the overall acti-
vation energies (deep blue rhombuses)) in LGMn
-1 (n=2, 4, 8, 16, and 24) and the values 
of charge of O2 of OC-OO intermediate in LGMn
-1. The sum of free LGMn
-1, CO, and 
O2 is set to zero. 
that form CO2 from OC-OO intermediate between LGM2
-1 and LGM24
-1 is 0.090 eV, indicat-
ing that the effect of value of charge of Au atom is relatively small. Our calculated results 
manifest that the difference of the adsorption of CO and O2 on LGMn in each charge state be-
come small with increase of the number of Au atom in LGM. Therefore, it indicates that the 
charge state of small Au clusters have the effect fundamentally, but is not important in the 
case of numerous number of Au atoms for the adsorption of CO and O2. The previous theo-
retical literatures are reported that CO oxidation on the variously charged Au55 nanoclusters 
was found to be capable of taking place at low temperature.50 In this study, it is also thought 
that CO oxidation is less affected by the charge state. Because CO can adsorb on LGM in 
each charge states, the key point for CO oxidation on LGM is to assist the adsorption of O2 
by the outside factor such as the interaction between Au and the support (for instance, the in-
terface and the support surface neighboring Au). Furthermore, it is reported that Au clusters 
are able to be bonded to more than two CO,91 so it may be necessary to consider them. This 
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study shows us additional insights about the relations between (the stability of OC-OO inter-
mediate or the overall activation energies) in LGMn
-1 and the values of charge of O2 of OC-
OO intermediate in LGMn
-1, the elementary mechanism for CO oxidation catalyzed by LGMn 
in the effect of charge state, and increase of the number of Au atom in LGM. 
3.4 Conclusion 
In summary, we performed DFT calculation for CO oxidation to investigate the effect of 
increase of the number of Au atom in LGMn (n=2, 4, 8, 16, and 24) and charge state of 
LGMn. In LGM2, the strongest or weakest adsorption energies of CO are in cationic or anion-
ic state, respectively, and those of O2 are anionic or neutral state, respectively. However, in 
anionic, cationic, and neutral LGMn, there are almost no differences of CO or O2 adsorption 
property between each charge states due to increase of the number of Au atoms. It is found 
that the adsorption of O2 has the correlation with increase of the number of Au atoms in 
LGM, and the value of charge of peripheral Au atom in LGM has also the correlation with it. 
These results indicate that the charge states have great effect when the number of Au atom in 
LGM is smaller, while those do not play an important role when the number of Au atom in 
LGM is at least more than 24 atoms for CO and 8 atoms for O2 adsorption. The dominating 
factors of LGM are the number of Au atom in LGM and charge per Au atom. To search for 
reaction pathway of CO oxidation for LGMn, we choose LGM2 in anionic state because 
LGM-1 can donate the electron to other reactants and it is able to adsorb both CO and O2, and 
we investigated the reaction pathway of LGMn
-1 (n=4, 8, 16, and 24) by using that of LGM2
-1. 
Although the activation energies of CO oxidation are decreased because of increase of the 
number of Au atom in LGM-1, the OC-OO intermediate structure in IM1 become gradually 
unstable than the separated reactants (LGMn
-1, CO, O2). These results indicate that O2 of OC-
OO in small LGM2
-1 and LGM4
-1 are bound and stable because they are charge transferred 
from Au atoms in LGM-1, but O2 of OC-OO in large LGM
-1 are unstable because its charge 
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values are smaller than those in small LGM-1 and the charge transfer is switched from Au at-
oms in LGM-1 to CO. These describe the stability of IM1 and changing of rate-determining 
step from O-O bond breaking step TS2 in LGMn
-1(n=2, 4) to TS1 in LGMn
-1(n=8, 16, 24) (as 
shown in Table 3.6). Controlling the size of Au atom and the charge of per Au atom in LGMn
-
1, i.e., the value of charge of O2 of OC-OO intermediate, leads to determining the activity of 
CO oxidation reaction in LGMn
-1. This study provides additional insights about the relations 
between (the stability of OC-OO intermediate or the overall activation energies) in LGMn
-1 
and the values of charge of O2 of OC-OO intermediate in LGMn
-1, the elementary mechanism 
of the adsorption of CO and O2, and CO oxidation on LGMn in different charge state, and the 
effect of increase of the number of Au atom in LGM. 
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4 Theoretical study of CH4 adsorption and C-H bond activation 
of CH4 on metal ad-atom of metal (111) surface 
4.1 Introduction 
Methane molecule is a main component of natural gas and is utilizes for the steam reform-
ing reaction to product hydrogen. This is a way to product hydrogen and a first step of the 
important chemical process such as ammonia and methanol synthesis. The methane dissocia-
tion reaction is the key process to transform the natural gas into hydrogen. Because of the 
stability of methane, it is hard to dissociate the C-H bond. In recent years, methane dissocia-
tion reaction on metal catalysts has attracted attention.92-100 Noble metal catalysts show high-
er activity and stability for this reaction, but very high cost and scares resources limit those 
uses. While carbon deposition hinder this reaction and a severe problem,101-106 Ni-based cata-
lysts become one of the most attractive catalysts in this reaction because of the good catalytic 
activity and low cost. In fact, the steam reforming reaction on inexpensive Ni catalysts play 
an important role in commercial.107,108 The methane activation and C-H bond breaking on Ni-
based catalysts have attract much attention in experimentally and theoretically. The methane 
dissociation reaction is believed to proceed as follows: 
CH4(gas) ↔ CH4(ads)                                                                                                         (4.1) 
CH4(ads) → CH3(ads) + H(ads)                                                                                        (4.2) 
CH3(ads) → CH2(ads) + H(ads)                                                                                        (4.3) 
CH2(ads) → CH(ads) + H(ads)                                                                                          (4.4) 
CH(ads)   → C(ads)    + H(ads)                                                                                          (4.5) 
In this reaction scheme, reaction (4.2) is discussed as the rate-limiting step. In this study, we 
focus on the adsorption of CH4 (reaction (4.1)) and the dissociation reaction of CH4 (reaction 
(4.2)).  
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In recent years, the dissociative chemisorption of methane on low-index surface of nickel 
has been extensively studied experimentally and theoretically. Experimentally, for example, 
molecular beam techniques provide the information in the cleavage of C-H bond such as the 
activation energy and the roles of the translational, rotational, and vibrational energies of 
CH4. Methane dissociation is activated by both translational and vibrational energy.
109-112 Lee 
et al. studied the activated dissociative chemisorption of CH4 on Ni(111) surface by molecu-
lar beam techniques.113 They reported that the probability of the dissociative chemisorption of 
CH4 increased exponentially with the normal component of the incident molecule’s transla-
tional energy and with vibrational excitation. Smith et al. reported that the vibrational excita-
tion was vibrational excitation of ν3 (the antisymmetric C-H stretch) activates methane disso-
ciation more efficiently than does translational energy.114 2ν3 (the antisymmetric C-H stretch) 
excitation of methane increases its reactivity by more than 4 orders of magnitude on Ni(111), 
whereas on Pt(111) the reactivity is lower by 2 orders of magnitude.115 
Theoretical study of quantum chemistry can provide electronic state and atomic level in-
formation, giving the theoretical explanation through the computational model. Yang et al. 
studied the dissociative chemisorption of methane at an atom-atom site on a Ni(111) surface 
by using a many electron embedding theory.116 They found that the Ni 3d orbitals contributed 
to the bonding by directly mixing with methane C-H orbitals during the dissociation process. 
Kratzer et al. demonstrated a density functional theory (DFT) study of the first step of CH4 
adsorption on the Ni(111) surface, dissociation into adsorbed CH3 and H.
117 They revealed 
that the position of the center of d states was a key quantity for the ability of a surface metal 
atom to promote the dissociation, and the role of nickel in catalyzing the dissociation of CH4 
was due to its high density of d-states close to the Fermi level. Nave et al. used DFT to exam-
ine 24 transition states for the dissociation of methane on five different metal surfaces: 
Ni(111), Ni(100), Pt(111), Pt(100), and Pt(100)-(1×2).118 They found that for all five metals, 
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the minimum energy path for dissociation for all five metals was over a top site, with a single 
(dissociating) H atom pointing toward the surface. 
In this study, we focus on the methane activity on the defect of the surface. Beebe et al. re-
ported that the activation energy of Ni(111), Ni(100), and Ni(110) were 12.6, 6.4, 13.3 
kcal/mol, respectively.119 This result indicated that experimentally methane activation was 
found to be structure sensitive, with Ni(111) being the least active and Ni(100) and Ni(110) 
increasingly more active. Bengaard et al. studied the effect of steps using a Ni(211) surface, 
and found the activation energy to be lowered relative to Ni(111).107 Abild-Pedersen et al. 
investigated the dissociation of methane on the terraces and steps of a Ni(111) surface by us-
ing DFT total energy calculation combined with Ultra High Vacuum (UHV) experiments. 
They found that the steps exhibited a higher activity than the terrace.120 Kokaji et al. showed 
that isolated ad-atom of a reactive catalyst on a less reactive surface for dehydrogenation re-
action of methane (CH4→CH3+H) not only was more active than the perfect or alloy surfaces 
but also had stronger CH4 adsorption.
121 Rodríguez-Kessler et al. investigated structural, 
magnetic, and adsorption property of Nin (n=2-16, 21, 55) clusters based on spin polarized 
DFT, and reported that the CH4 was adsorbed on the top site of all Nin clusters with ranging 
from -0.17 to -0.47 eV.122 Yuan et al. studied the dehydrogenation processes of CH4 on the 
flat Cu(100), Cu@Cu(100), and Ni@Cu(100) surface via spin polarized DFT approach, and 
their calculated results showed that the reaction barrier for methane dehydrogenation were 
remarkably reduced by about 40%-60% with the assistant of the adsorbed Ni atom on the 
Cu(100) surface, especially for the reaction of CH4→CH3+H and CH→C+H.
123
 
In the present paper, we investigate the CH4 adsorption on several metals surface such as 
Ni@Ni(111), Pd@Pd(111), Pt@Pt(111), Cu@Cu(111), Ag@Ag(111), and Au@Au(111) via 
spin polarized DFT calculation to evaluate the effect of defect surface such as ad-atom, and 
the relation between the adsorption energy of CH4 on metal ad-atom and the d-band center of 
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metal ad-atom. In addition, we select a few metal ad-atom surfaces and compare C-H bond 
activation of CH4 on metal ad-atoms. 
4.2 Computational method 
We carried out DFT calculations implemented through the PWscf code Quantum Espres-
so.124 The exchange and correlation energy functional is treated by using the Perdew-Burke-
Ernzerhof (PBE) approximation within the generalized gradient approximation (GGA).125 To 
account for the magnetic moment of nickel, we considered spin polarized electrons. A plain 
wave basis set with a kinetic energy cutoff of 30 Ry is employed for the valence electrons. A 
fermi smearing of 0.01 Ry is utilized to determine electronic occupancies. A sampling of 
4×4×1 k-points of the Monkhorst-Pack126 scheme is used to model the Brillouin zone. Forces 
less than 0.001 eV/Å are used as the criterion for the relaxation convergence. The relaxation 
of the electronic degrees of freedom is thought to be converged when the energy differences 
are less than 5×10-6 eV. A 12 Å vacuum slab is inserted into the direction perpendicular to the 
surface to separate the neighboring repeated slabs and ensure that the adsorbates and the re-
peated slab would not interact. The searching for the transition state and geometries of the 
reaction pathways of the first dissociation reaction of methane (CH4→CH3+H) on metal ad-
atom surfaces were performed with the climbing-image nudged elastic band (CI-NEB) meth-
od.127 
The thickness of the surface models was chosen as a three-layer slab, which is proven rea-
sonable to investigate the mechanism of the adsorption and reaction in previous report.128-130  
The all Ni(111), Pd(111), Pt(111), Cu(111), Ag(111), and Au(111) substrates are modeled by a 
1-layer and 3-layer p(2×2) slab containing 4 metal atoms per layer. To investigate the me-
thane adsorption and activity on metal ad-atom, Ni@Ni(111), Pd@Pd(111), Pt@Pt(111), 
Cu@Cu(111), Ag@Ag(111), and Au@Au(111) are considered by adsorbing one Ni, Pd, Pt, 
Cu, Ag, and Au atom on the first layer of Ni(111), Pd(111), Pt(111), Cu(111), Ag(111), and 
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Au(111) substrates, respectively. During the geometry optimization, the bottom one layer is 
fixed and the other layer and adsorbates are fully relaxed on 3-layer surface system, while 
surface atoms are fixed and adsorbates are fully relaxed on 1-layer surface system. Here, 
Zhang et al. employed DFT method to comparatively probe into CH4 dehydrogenation on 
four types of Cu(111) surface, including the flat Cu(111) surface and the Cu(111) surface with 
one surface Cu atom substituted by one Rh atom, as well as the Cu(111) surface with one Cu 
or Rh adatom.131 They found that the differences for the highest barrier between Cu@Cu(111) 
and Cu(111) surfaces were smaller, the catalytic behaviors of Cu@Cu(111) surface were very 
close to the flat Cu(111) surface. In this study, we consider two types surface models, that is, 
3-layer and 1-layer surface models to check the effect of morphology of surface models. In 
addition, Abild-Pedersen et al. also reported the sulfur and carbon pre-adsorbed Ni surface 
system.120 They found that the activation energy barrier for the C-H bond breaking decreased 
when the d-band was closer to the Fermi level, and the dissociation of methane on sulfur and 
carbon pre-adsorbed Ni(211) surface were deactivated as compared to clean Ni(211) surface 
because their d-band centers were down shifted due to sulfur and carbon pre-adsorption. In 
this study, thus, hydrogen atoms cover metal surface system on the other side of metal ad-
atom as a factor to make d-band shift. 
The adsorption energy Eads is calculated as follow: 
𝐸𝑎𝑑𝑠=𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒/𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 − 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒                                                               (4.6) 
where Eadsorbate/surface is the total energy of the adsorbate on surface slab model, Eadsorbate is the 
total energy of adsorbate, Esurface is the total energy of the surface slab model. The isolated 
adsorbate models are calculated in a 10×10×20 space. Here, Yuan et al. reported that the cal-
culated zero point energy correction for activation barrier energies of C-H bond dissociation 
were 0.1 ~ 0.2 eV,123 which did not change the main conclusion on the relative catalytic activ-
ities of the flat Cu(100), Cu@Cu(100), and Ni@Cu(100) surfaces. In this study, thus, we did 
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not calculate the zero point energy correction because our calculated surface models are simi-
lar to their ones. 
4.3 Results and discussion 
 CH4 adsorption on perfect M (Ni, Pd, Pt, Cu, Ag, Au) and M/H 3 4.3.1
and 1-layer surfaces 
According to the previous theoretical reports, the adsorption energy of CH4 is extremely 
small (~0.02 eV).132-134 Similarly, CH4 adsorption is reported to be physisorption process on 
Ni-M (M=Co, Rh, Ir) alloy surfaces.135 The adsorption energies of CH4 and the distances of 
C-H bond length of CH4 on perfect M(111) (M=Ni, Pd, Pt, Cu, Ag, Au) 3 and 1-layer and 
M/H(111) 3 and 1-layer surfaces are summarized in Table 4.1. Our calculated result also 
shows that the adsorption energies of CH4 on all M(111) 3-layer surfaces are about 0 ~ -0.04 
eV, which mean physisorption. Although we consider the perfect 1-layer Ni, Pd, Pt, Cu, Ag, 
Au surface to improve the CH4 adsorption as compared to the perfect 3-layer surfaces, the 
adsorption energies of CH4 are not enhanced for all six M(111) 1-layer surfaces. The calcu-
lated adsorption energies of CH4 on perfect 1-layer Ni, Pd, Pt, Cu, Ag, Au surface are also 
extremely small (about 0 ~ -0.05 eV). This result indicates that changing the thickness of me- 
TABLE 4.1. The adsorption energies of CH4 (ECH4) and the distances of C-H bond 
length of CH4 (dC-M) on perfect M(111) (M=Ni, Pd, Pt, Cu, Ag, Au) and M/H 3 and 1-
layer surfaces. 
 
Ni Pd Pt Cu Ag Au 
3-layer 
ECH4 [eV] -0.048 -0.011 -0.012 -0.006 0.004 -0.003 
dC-M [Å] 4.289 3.778 4.596 4.575 5.345 4.383 
3-layer covered by H atom 
ECH4 [eV] -0.049 -0.014 -0.024 -0.009 0.005 -0.003 
dC-M [Å] 4.220 3.626 3.922 4.621 5.547 4.618 
1-layer 
ECH4 [eV] -0.043 -0.010 -0.011 -0.009 -0.003 -0.014 
dC-M [Å] 4.327 4.526 4.535 4.527 4.526 4.525 
1-layer covered by H atom 
ECH4 [eV] -0.043 -0.012 -0.024 -0.006 -0.002 -0.002 
dC-M [Å] 4.327 4.525 4.518 4.789 4.526 4.524 
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tal surface layers has almost no effect for CH4 adsorption on this perfect metal surfaces sys-
tem. 
In addition, we also consider the adsorption of CH4 on perfect metal surfaces covered by 
hydrogen atoms to check the effect of covering metal surface on the other side with H atoms. 
As shown in Table 4.1, the adsorption energies of CH4 on M(111) both 3-layer and 1-layer 
metal surfaces covered by H atoms (M(111)/H) are ranging from about 0 to -0.05 eV. Both 
Ni(111)/H 3 and 1-layer surfaces show the strongest adsorption energies of -0.048 eV and -
0.043 eV, respectively, and Au(111)/H 3-layer and Ag(111)/H 1-layer surfaces show the 
weakest ones (-0.003 eV and -0.002 eV). This result indicates that the effect of covering met-
al surface on the other side with H atoms makes no difference on the adsorption of CH4. 
 CH4 adsorption on metal ad-atom of M@M (M=Ni, Pd, Pt, Cu, 4.3.2
Ag, Au) and M@M/H 3 and 1-layer surfaces 
We investigate the effect of metal ad-atom for the adsorption of CH4 on 3-layer surface. 
The calculated adsorption energies of CH4 on metal ad-atom of M@M(111) (M=Ni, Pd, Pt, 
Cu, Ag, Au) and the distances between C atom of CH4 and metal ad-atom of M@M(111) are 
summarized in Table 4.2. From Table 4.2, the adsorption energies of CH4 on metal ad-atom of 
all M@M(111) surfaces are higher than those on the perfect M(111) 3-layer surfaces. Alt-
hough the adsorption energies of CH4 are in physisorption level (-0.046 ~ -0.235 eV), 
Ni@Ni(111), Pd@Pd(111), Pt@Pt(111) show twice higher than Cu@Cu(111), Ag@Ag(111), 
Au@Au(111). This result indicates that the CH4 prefers to adsorb on the metal ad-atoms ra-
ther than the surface metal atoms. Therefore, the dissociation reaction of CH4 should occur on 
the metal ad-atom. 
Similarly in section 4.3.1, we consider the adsorption of CH4 on metal ad-atom of 
M@M(111) 1-layer surfaces. As compared to M@M(111) 3-layer surfaces, the adsorption 
energies of CH4 are strengthened and weakened. As shown in Table 4.2, the adsorption ener-
gies of CH4 on Pt and Au ad-atoms are strengthened from -0.199 eV to -0.296 eV and from 
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TABLE 4.2. The adsorption energies of CH4 (ECH4) and the distances of C-H bond 
length (dC-M) of CH4 on metal ad-atom of M@M(111) (M=Ni, Pd, Pt, Cu, Ag, Au) and 
M@M/H(111) 3 and 1-layer surfaces, and the d-band centers of metal ad-atoms (εd). 
 
Ni Pd Pt Cu Ag Au 
3-layer 
ECH4 [eV] -0.235 -0.193 -0.199 -0.105 -0.046 -0.058 
dC-M [Å] 2.282 2.522 2.479 2.706 3.191 3.074 
εd [eV] -1.191 -1.398 -1.893 -2.065 -3.762 -2.684 
3-layer covered by H atom 
ECH4 [eV] -0.235 -0.176 -0.245 -0.076 -0.040 -0.085 
dC-M [Å] 2.316 2.512 2.450 2.720 3.250 2.873 
εd [eV] -1.296 -1.379 -1.798 -2.212 -3.790 -2.857 
1-layer 
ECH4 [eV] -0.190 -0.194 -0.296 -0.154 -0.041 -0.144 
dC-M [Å] 1.688 2.558 2.381 1.800 3.063 2.666 
εd [eV] -1.562 -1.288 -1.717 -1.846 -3.818 -2.597 
1-layer covered by H atom 
ECH4 [eV] -0.302 -0.325 -0.570 -0.043 -0.016 -0.018 
dC-M [Å] 2.171 2.432 2.330 2.752 2.854 3.623 
εd [eV] -1.271 -1.012 -1.340 -1.353 -3.094 -2.446 
-0.058 eV to -0.144 eV, respectively, and those on Ni ad-atom are weakened from -0.235 eV 
to -0.190 eV, while those on the other metals (Pd, Cu, Ag) are almost not changed. In accord-
ance with the adsorption energies of CH4, the distance of C atom of CH4 and metal ad-atoms 
of M@M(111) are changed. This result indicates that the CH4 also prefers to adsorb on the 
metal ad-atoms rather than the surface metal atoms. Moreover, we find that the adsorption 
properties of metal ad-atoms on 1-layer metal surface are affected by the thickness of metal 
surface layer as compared to that on 3-layer metal surface. In order to understand the differ-
ent CH4 adsorption properties of metal ad-atoms of M@M(111), we investigate the electronic 
structure of metal ad-atoms before CH4 adsorption. The local and partial density of states 
(LDOS) of Pt and Ag ad-atoms of M@M(111) and M@M(111)/H 3 and 1-layer surfaces (4-
type surfaces) are presented in Fig. 4.1 for examples, and the d-band center of metal ad-atoms 
of 4-type surfaces are listed in Table 4.2. As shown in Fig. 4.1, it is clearly shown that the 
LDOS of Pt ad-atom of 4-type surfaces are larger and closer to the Fermi level than that of  
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FIG. 4.1. The local and partial density of states (LDOS) of Pt ad-atom of (a) 
M@M/H(111) 3-layer and 1layer and (b) M@M(111) ad-atom of 3 and 1-layer and of Ag 
ad-atom of (c) M@M/H(111) 3 and 1-layer and (b) M@M(111) ad-atom of 3 and 1-layer. 
The dashed line at 0 eV represents the Fermi level. 
 
FIG. 4.2. CH4 adsorption energies on metal ad-atom of M@M(111) (M=Ni, Pd, Pt, Cu, 
Ag, Au) and M@M/H(111) 3 and 1-layer surfaces as a function of the d-band centers of 
metal ad-atoms. The Fermi level is set to 0 eV. 
Ag ad-atom, and d-band maximum peaks of Pt ad-atom of 4-type surfaces are about -1.0 eV, 
whereas that of Ag ad-atom of 4-type surfaces are located below about -2.0 eV. Here, it is re-
ported that the position of d-band center correlates with the catalytic activity120,136,137 as well 
as the adsorption of adsorbates138. As clearly seen from Table 4.2 and Fig. 4.1, the d-band 
centers of Pt ad-atom of Pt@Pt(111) 3 and 1-layer and Pt@Pt/H(111) 3 and 1-layer surface 
are -1.398, -1.717, -1.798, and -1.340 eV, respectively, and Ag@Ag(111) 3 and 1-layer and 
Ag@Ag/H(111) 3 and 1-layer surface are -3.762, -3.818, -3.790, and -3.094 eV, respectively. 
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From Table 4.2, we observe that the d-band centers of all metal ad-atoms of M@M/H(111) 1-
layer surface except for Ni are located closest to the Fermi level, while the d-band center of 
Ni ad-atom of 4-type surfaces are relatively closer to the Fermi level than  other metal ad-
atom of ones. Fig. 4.2 compares the adsorption energies of CH4 on metal ad- atom of 4-type 
surfaces. From Fig. 4.2, the more the d-band centers of metal ad-atoms shift to right, the more 
the CH4 adsorption energies become stronger. We find that the adsorption energies of CH4 
correlate with the d-band center of metal ad-atoms on the whole. In particular, the d-band 
centers of Pt ad-atom of 4-type surfaces are apparently related to CH4 adsorption energies. 
This result suggests that changing the thickness of metal ad-atom surface and covering metal 
surface on the other side with H atoms can make the d-band center of metal ad-atoms shift 
close to the Fermi level. In particular, metal ad-atoms of M@M 1-layer surface are relatively 
affected by other adsorbed atoms on the other side because of its only one atomic layer. 
 C-H bond breaking reaction of CH4 on metal ad-atom of M@M 4.3.3
(M=Ni, Pt, Ag) and M@M/H 3 and 1-layer surfaces 
As mentioned in section 4.1, we focus on the adsorption of CH4 as well as the effect of 
metal ad-atom, so we investigate only the dissociation reaction of the first step 
(CH4→CH3+H). The other dissociation reaction of (CH3→CH2+H), (CH2→CH+H), and 
(CH→C+H) are not discussed in the present study. 
Yuan et al. studied the dehydrogenation processes of CH4 on the flat Cu (100), Cu@Cu(100), 
and Ni@Cu(100) surface via spin polarized DFT approach.123 They reported that the greatly 
improved methane dehydrogenation on Ni@Cu(100) arose from the strong Ni-C interaction 
as compared to Cu@Cu(100) because the Ni-C hybridization region in the transition state of 
LDOS was deeper and broader as compared to Cu-C hybridization, corresponding to the fact 
that the Ni-C interaction was stronger than the Cu-C interaction139. In addition, the Ni-H in-
teraction was stronger than the Cu-C interaction due to the same reason, and H atom of CH4 
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was thus relatively easy to dissociate from the C-H bond of CH4 on Ni@Cu(100). From this 
observation, we thought that the C-H bond breaking of CH4 is also easy to occur when the 
adsorption energy of CH4 is stronger. So, we calculate the adsorption energies of CH3 and 
dissociated H on M@M(111) (M=Ni, Pd, Pt, Cu, Ag, Au) and M@M/H(111) 3 and 1-layer 
surface to check the relation of adsorption energies between CH4 and (CH3 or H), and these 
adsorption energies are listed in Table 4.3. From Table 4.3, the calculated adsorption energies 
of CH3 on Ni ad-atom of M@M(111) 3 and 1-layer are stronger than the Cu ad-atom of 
M@M(111), indicating agreement with the trend studied by previous report that the Ni-C in-
teraction was stronger than the Cu-C interaction139, whereas the calculated adsorption ener-
gies of dissociated H on Ni ad-atom of M@M(111) 3-layer and M@M/H(111) 1-layer are 
weaker than Cu ad-atom of those. The first products of CH4 dissociation reaction are CH3 
molecule and dissociated H atom. Here, we investigate the correlation of the adsorption ener-
gy of CH4 with CH3 and dissociated H. When the CH4 adsorption energies correlate with CH3 
or dissociated H adsorption energies, for instance, the graphs of that property draw the linear 
relation. Fig. 4.3 shows the comparison between the adsorption energies of CH4 and CH3 on 
metal ad-atom of M@M(111) (M=Ni, Pd, Pt, Cu, Ag, Au) and M@M/H(111) 3 and 1-layer 
surfaces, and between the adsorption energies of CH4 and dissociated H. From Fig. 4.3, the 
adsorption energies of CH3 on metal ad-atoms correlate with CH4 (Figs. 4.3(a) and (b)) in 
comparison with the adsorption energies of dissociated H (Figs. 4.3(c) and (d)). As can be 
seen in Figs. 4.3(c) and (d), CH4 adsorption energies are not related to the dissociated H ad-
sorption energies. On the other hand, as shown in Figs 4.3(a) and (b), there is a relatively cor-
relation between CH4 and CH3 adsorption energies (correlation coefficients (R
2) are more 
than 0.64) except for in the case of M@M(111) 3-layer model (R2 is 0.25). This result shows 
that CH4 adsorption is related to CH3 adsorption, i.e., metal-C atom interaction, whereas dis-
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sociated H adsorption does not affect CH4 adsorption. Therefore, it is thought that the C-H 
bond breaking of CH4 is affected by the adsorption energies of CH4 as well as CH3. 
TABLE 4.3. The adsorption energies of CH3 (ECH3) and dissociated H (EH) on 
M@M(111) (M=Ni, Pd, Pt, Cu, Ag, Au) and M@M/H(111) 3 and 1-layer surfaces. 
 
Ni Pd Pt Cu Ag Au 
3-layer 
ECH3 [eV] -2.028 -1.725 -2.143 -1.540 -1.131 -2.031 
EH [eV] -1.980 -2.736 -2.334 -1.740 -1.482 -2.447 
3-layer covered by H atom 
ECH3 [eV] -1.898 -1.725 -2.240 -1.501 -1.102 -1.896 
EH [eV] -1.885 -2.735 -2.509 -2.193 -1.455 -2.323 
1-layer 
ECH3 [eV] -1.910 -1.881 -2.380 -1.612 -1.278 -2.060 
EH [eV] -1.813 -2.823 -2.201 -2.039 -1.621 -2.478 
1-layer covered by H atom 
ECH3 [eV] -1.943 -1.550 -2.487 -1.541 -1.138 -1.762 
EH [eV] -2.066 -1.860 -2.644 -1.722 -1.472 -2.181 
 
FIG. 4.3. Comparison between the adsorption energies of CH4 and CH3 on metal ad-
atom of (a) M@M(111) (M=Ni, Pd, Pt, Cu, Ag, Au) 3 and 1-layer and (b) M@M/H(111) 
3 and 1-layer surface, and between the adsorption energies of CH4 and H on metal ad-
atom of (c) M@M(111) (M=Ni, Pd, Pt, Cu, Ag, Au) 3 and 1-layer and (d) M@M/H(111) 
3 and 1-layer surface. In all figures (a)~(d), dashed and solid line represent 3 and 1-
layer surface models, respectively. 
We estimate the activation barrier energies of C-H bond breaking of CH4 of the first step 
(CH4→CH3+H) to consider the effect of metal ad-atom, i.e., the effect of enhanced adsorp-
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tion energies of CH4. In this study, we take Ni, Pt, and Ag metal ad-atom of M@M(111) as 
objects of the dissociation reaction of CH4 because Pt exhibits stronger adsorption energy of 
CH4, Ag exhibits weaker ones, and Ni utilizes for the steam reforming reaction. Moreover, 
the adsorption energies of CH3 on Pt and Ag adatom of 4-type surface models are the strong-
est and weakest ones. The CH4 dissociation reaction on other metal ad-atom (Pd, Ag, Au) are 
not treated in this study. The activation barriers energies of C-H bond breaking of CH4 on Ni, 
Pt, and Ag ad-atom of M@M(111) and M@M/H(111) 3 and 1-layer surfaces are summarized 
in Table 4.4. In the case of Ni, CH4 is adsorbed on Ni ad-atom of Ni@Ni(111) as initial state 
(IS) configuration which two H atoms of CH4 are directed to the Ni ad-atom. In the dissocia-
tive reaction pathway of CH4 on Ni ad-atom, as shown in Table 4.4, H atom is dissociated 
from CH4 on Ni ad-atom surfaces with the C-H distance of 1.830 ~ 2.204 Å, and these transi-
tion state (TS) geometries are similar to Rh@Cu(111)121 and (Cu@Cu(100) and 
Ni@Cu(100))123 surfaces. The CH4 activation barrier energies on Ni ad-atom of 4-type sur-
faces are 0.708 ~ 0.866 eV which are lower than the perfect Ni(111) surface mentioned pre-
viously (1.32 eV,140 1.12 eV,117 1.05 eV,120 and 1.04 eV107). In the final state (FS) configura-
tion, the dissociated CH3 molecule is adsorbed on Ni ad-atom, and the dissociated H atom is 
adsorbed at the bridge site between Ni ad-atom and Ni surface atom of Ni@Ni(111) and 
Ni/@Ni/H(111) 3-layer surfaces and between Ni ad-atom and Ni three-fold of Ni@Ni(111) 
and Ni/@Ni/H(111) 1-layer surfaces (see in Fig. 4.4). The configurations of CH4, CH3, and 
dissociated H on Pt and Ag ad-atom of 4-type surfaces are similar to those on Ni ad-atom of 
TABLE 4.4. The activation barrier energies of the C-H bond breaking of CH4 on metal 
ad-atom of M@M(111) (M=Ni, Pt, Ag) and M@M/H(111) 3 and 1-layer surfaces. All en-
ergies are in eV. 
surface type Ni Pt Ag 
M@M_3layer 0.787 0.420 2.299 
M@M/H_3layer 0.752 0.380 2.333 
M@M_1layer 0.866 0.257 2.073 
M@M/H_1layer 0.708 0.135 2.432 
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FIG. 4.4. Initial (IS), transition (TS), and final (FS) states of the reaction pathway for 
the dissociation reaction of CH4 on Ni ad-atom of Ni@Ni(111) (a) 1 and (b) 3-layer sur-
faces and Ni@Ni/H(111) (c) 1 and (d) 3-layer surfaces. Upper and lower panel represent 
the side and top view of surface models, respectively. Yellow, blue, and gray ball denote 
C, H, and Ni atom, respectively. 
ones (see in Fig. 4.5 and 4.6). In the case of Pt ad-atom, the dissociative reaction of CH4 on Pt 
ad-atom show higher activity than Ni and Ag ad-atom. As shown in Table 4.4, the activation 
barrier energies of C-H bond breaking of CH4 on Pt ad-atom of 4-type surfaces range from 
0.135 eV to 0.420 eV, which are at least 0.288 eV and 1.653 eV lower as compared to Ni and 
Ag ad-atom, respectively. It cannot say as a role that changing the thickness of metal surface 
make C-H bond of CH4 active because it has not only good influence on Pt and Ag ad-atom 
but also bad influence on Ni ad-atom in terms of activation barrier energies. Fig. 4.7 repre-
sents the activation energies of C-H bond breaking reaction on Ni, Pt, Ag ad-atoms of 4-type 
surfaces as a function of the adsorption energies of CH4 on those ad-atoms (Fig. 4.7(a)) and 
d-band center of metal ad-atoms (Fig. 4.7(b)). From Fig. 4.7(a), the C-H bond activation en-
ergies become lower when the adsorption energies of CH4 is higher in the case of Ni and Pt. 
It is clearly showed that the activation barrier energies of CH4 on Ag ad-atom are higher than 
Ni and Pt ad-atom due to very weak adsorption energies of CH4. We find that there is a linear  
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FIG. 4.5. Initial (IS), transition (TS), and final (FS) states of the reaction pathway for 
the dissociation reaction of CH4 on Pt ad-atom of Pt@Pt(111) (a) 1 and (b) 3-layer sur-
faces and Pt@Pt/H(111) (c) 1 and (d) 3-layer surfaces. Upper and lower panel represent 
the side and top view of surface models, respectively. Yellow, blue, and dark gray ball 
denote C, H, and Ni atom, respectively. 
 
FIG. 4.6. Initial (IS), transition (TS), and final (FS) states of the reaction pathway for 
the dissociation reaction of CH4 on Ag ad-atom of Ag@Ag(111) (a) 1 and (b) 3-layer sur-
faces and Ag@Ag/H(111) (c) 1 and (d) 3-layer surfaces. Upper and lower panel repre-
sent the side and top view of surface models, respectively. Yellow, blue, and light gray 
ball denote C, H, and Ni atom, respectively. 
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FIG. 4.7. The activation barrier energies of C-H bond breaking of CH4 (Ea) on 
M@M(111) (M=Ni, Pt, Ag) and M@M/H(111) 3 and 1-layer surfaces as a function of 
(a)~(c) the adsorotion energies of CH4 (ECH4) and (d)~(f) the d-band centers. The Fermi 
level is set to 0 eV. 
correlation between the C-H bond activation barrier energies of CH4 and the adsorption ener-
gies of CH4, although the activation barrier energies on Ni ad-atom are different from those 
on Pt ad-atom when CH4 adsorption energies on both Ni and Pt ad-atom exhibit almost the 
same values (see in Fig. 4.7(a)). This is observed because the adsorption energies of CH3 on 
Ni ad-atom of 4-type surfaces are weaker than the Pd ad-atom of ones (the differences are 
from 0.115 to 0.624 eV). On the other hand, there is not a linear correlation in the case of Ag. 
This is due to the weakest adsorption energy of both CH4 and CH3. Similarly, as shown in 
Fig. 4.7(b), the activation energies of the dissociative reaction of CH4 correlate with the d-
band center of Ni and Pt ad-atom. The C-H bond activation energies become lower when the 
d-band center of Ni and Pt ad-atoms close to the Fermi level. This trend is in agreement with 
the previous report.120, 138 Therefore, it is thought that the adsorbed CH4 is easy to be dissoci-
ated when its adsorption energies are stronger. This result indicates that the metal ad-atom 
plays a role to promote the dissociation reaction of CH4 because metal ad-atoms can enhance 
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the adsorption energy of CH4 as compared to the perfect surface and those d-band centers are 
closer to the Fermi level. 
4.4 Conclusion 
In summary, we performed spin-polarized DFT calculation to investigate the CH4 adsorp-
tion and dissociation reaction on the metal ad-atom of M@M(111) (M=Ni, Pd, Pt, Cu, Ag, 
Au) and M@M/H(111) 3 and 1-layer surfaces. Our results indicated that Ni, Pd, and Pt ad-
atoms can enhance the adsorption energy of CH4 as compared to the perfect surfaces, whereas 
Cu, Ag, and Au ad-atoms showed no apparent change. Changing the thickness of metal sur-
face and covering metal surface on the other side with H atoms can make the d-band center of 
metal ad-atoms shift close to the Fermi level, and the CH4 adsorption energies correlate with 
the d-band center of metal ad-atoms. Moreover, our results showed that the metal ad-atom 
plays a role to promote the dissociation reaction of CH4, and C-H bond breaking activation of 
CH4 correlates with the adsorption energy of CH4. 
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5 Conclusion 
This dissertation introduced the theoretical study of C1 chemistry material. 
First, we predicted the CO purification temperature of entire surface which was predicted 
CO purification temperature on each Pd adsorption sites of ZrO2 and CeO2 surface to consid-
er structural change by heat. Considering the change in carrier structure due to heat, it was 
revealed that Pd was adsorbed on O_atop and Obridge1 sites on ZrO2 and Obridge2 and 
Obridge1 sites on CeO2. In addition, CO, O and CO2 adsorption energies of each magnifica-
tion were calculated at the Pd adsorption site, and the CO purification temperature was calcu-
lated according to the deformation formula of Arrhenius equation and compared with the ex-
perimental result. As a result, it was suggested that the CO oxidation reaction occurs mainly 
at the Obridge1 site and the O_atop site in the ZrO2, and in the Obridge1 and Obridge2 sites 
in the CeO2. From this prediction result, it was possible to accurately reproduce the experi-
ment result by introducing the surface molecular structure of the carrier, particularly the ad-
sorption site dependency of Pd, into the calculation model in the material calculated this time. 
Second, Density functional theory (DFT) is used to study the effect of increase of the num-
ber of Au atom in the adsorption of CO and O2 as well as CO oxidation on anionic, neutral, 
and cationic LGMn (n=2, 4, 8, 16, and 24). The more the number of Au atom increases, the 
more the adsorption energies of CO lower and larger in the cationic and anionic LGMnCO 
complexes, respectively. In contrast, the adsorption energies of both CO and O2 on neutral 
LGMn exhibit approximately constant values. There are little differences of both adsorption 
energies and net charge of CO and O2 on the number of Au atom in LGM regardless of each 
charge state. This indicates that the charge state of LGM plays a less important role for the 
adsorption of CO and O2 with increase of the number of Au atom in LGM. The trend of the 
overall activation energies of reaction pathway is switched between LGM4
-1 and LGM8
-1 with 
increase of the number of Au atom in LGM, and OC-OO intermediate of the initial state in 
LGMn
-1 (n=8, 16, and 24) are unstable compared to the separated reactants (LGMn, CO, O2). 
These are caused by the values of charge of O2 of OC-OO intermediate. 
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Third, we have investigated the CH4 adsorption and the C-H bond breaking activation on 
the metal ad-atom of M@M(111) (M=Ni, Pd, Pt, Cu, Ag, Au)) and M@M(111)/H (covered 
by hydrogen atoms) 3 and 1-layer surfaces (4-type surfaces) using spin-polarized DFT. We 
find that the adsorption energies of methane are related to the d-band center of metal ad-
atoms. In particular, the distances between CH4 and Ni, Pd, and Pt ad-atoms of 4-type surfac-
es are shortened and the adsorption energies of CH4 on metal ad-atoms are stronger than the 
perfect surfaces because the d-band center of metal ad-atoms are close to the Fermi level. 
Furthermore, we have investigated the activation barrier energies of C-H bond breaking of 
CH4 on Ni, Pt, and Ag ad-atoms of 4-type surfaces because Pt ad-atom exhibits stronger ad-
sorption energy of CH4, Ag ad-atom exhibits weaker ones, and Ni utilizes for the steam re-
forming reaction. We find that Ni and Pt ad-atoms show lower activation barrier energies, and 
they are related to the CH4 adsorption energies as well as the d-band centers. 
Finally, we conclude the overall study. The quantum chemical calculation has been carried 
out to investigate the mechanism of chemical reaction on catalyst material for C1 chemistry 
at microscale such as atomic and molecular level. We have studied the adsorption energy of 
reactive molecules on the catalyst material surface, the number of atoms constituting the sur-
face molecular structure and molecule, and the activation energy as important elements. We 
clarified the following three points. First, differences in behavior of reactive molecules on 
high temperature surface due to introduction of high temperature surface simulation. Second, 
the behavior of reactive molecules can be controlled by controlling the number of atoms con-
stituting the surface structure or molecule. Third, the behavior of reaction molecules varies 
depending on the surface molecular structure, and the behavior of methane molecules on the 
ad-atom surface follows the Bronsted Evans Polanyi rule. Although the simulation for chemi-
cal reaction on catalyst material at macroscale is not done, understanding the elementary re-
action mechanism at microscale leads to understanding the chemical reaction at macroscale. 
Therefore, we have focused on understanding the three factors which are high temperature, 
number of atoms, and surface molecular structure in this study. From such a point of view, 
our study could show the results that contribute to the fundamental understanding of chemical 
reactions on catalyst material by using quantum chemical calculations.  
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